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Context. The origin of broad-absorption-line quasars (BAL QSOs) is still an open issue. Accounting for ~ 20% of the QSO popula- 
^^^ tion, these objects present broad absorption lines in their optical spectra generated from outflows with velocities up to 0.2 c. In this 

C_J I work we present the results of a multi-frequency study of a well-defined radio-loud BAL QSO sample, and a comparison sample of 

r ^ ■ radio-loud non-BAL QSOs, both selected from the Sloan Digital Sky Survey (SDSS). 

^*^ ' Aims. We aim to test which of the currently-popular models for the BAL phenomenon - 'orientation' or 'evolutionary' - best accounts 

<~i ' for the radio properties of BAL quasars. We also consider a third model in which BALs are due to polar jets driven by radiation pres- 

sure. 

Methods. Observations from 1.4 to 43 GHz have been obtained with the VLA and Effelsberg telescopes, and data from 74 to 408 
MHz have been compiled from the literature. The spectral indices give clues to the orientation of these objects, while the determin- 
ation of the peak frequency can constrain their age, and test the evolutionary scenario, in which BAL QSOs are young QSOs. The 
^ I fractional polarisation and the rotation measure in part reflect the local magnetic field strength and particle density. 

Results. The fractions of resolved sources in the BAL and non-BAL QSO samples are similar (16% vs 12%). The resolved sources in 
the two samples have similar linear sizes (20 to 400 kpc) and morphology. There is weak evidence that the fraction of variable sources 
amongst BAL QSOs is lower The fractions of candidate GHz-peaked sources are similar in the two samples (36±12% vs 23±8%), 
^ [ suggesting that BAL QSOs are not generally younger than non-BAL QSOs. BAL and non-BAL QSOs show a large range of spectral 

Qs , indices, including flat-spectrum and steep-spectrum sources, consistent with a broad range of orientations. There is weak evidence 

f^ ■ (91% confidence) that the spectral indices of the BAL QSOs are steeper than those of non-BAL QSOs, mildly favouring edge-on 

(/-v ' orientations. At a higher level of significance (>97%), the spectra of BAL QSOs are not flatter than those of non-BAL QSOs, which 

■^1^ I suggests that a polar orientation is not preferred. The distributions of fractional polarisation in the two samples are similar, median 

• , values 1-3%. The distributions of rotation measure are also similar, the only outlier being the BAL QSO 1624+37, with an extreme 

C^ ■ rest-frame Rotation Measure (from the literature) of -18350±570 rad mT^. 

O 

rvQ . Key words. Quasars: absorption lines - Galaxies: active - Galaxies: evolution - Radio continuum: galaxies 

- ^ 1 . Introduction are half as likely as non-BAL QSOs to have S 1.4 ghz > 1 mJy- 

/\ . This rarity has in the past made it difficult to compile a large 

H ' About 20% of quasars exhibit broad absorption Unes (BALs) in sample of radio-loudQ sample of BAL QSOs which is also radio 

. . .' the blue wings of the UV resonance lines, due to ionised gas bright. 

with outflow velocities up to 0.2 c (Hewett & Foltz 2003). BALs There is still no consensus about the origin of flie absorbing 

often obscure parts of the broad emission lines, so the BAL re- gas in BAL QSOs, the mechanism which accelerates it, or the 

gion must he outside the broad emission-line region, i.e. > 0. 1 pc relationship between BAL QSOs and the quasar population as a 

from the quasar nucleus (and probably 10s - 100s pc away). For whole. 

a long time BAL quasars (BAL QSOs) were believed to be rare Three models have been proposed to explain the presence of 

amongst luminous radio quasars (Stocke et al. 1992). But with BALs: 

the advent of large comprehensive radio surveys it has become ( 1 ) :„ the orientation model proposed bv lElvisI (l2000l) . BALs 

clear that BAL QSOs constitute a significant fraction of the QSO are produced by a thin-walled funnel-shaped outflow, rising ver- 

population (Becker et al. 2000). Becker et al. (2001) estimated tically from a narrow range of radii on the accretion disk and 

that BAL QSOs are four times less common among quasars with 

logR* > 2 than among quasars with logR* < 1, where R* is the 1 xhe populations of radio-loud and radio-quiet QSOs correspond to 

radio-loudness parameter being defined by Stocke et al. (1992). radio luminosities of L, ghz > 10^^ W Hz"' and L5 qhz < 10'' W Hz"' 

Hewett & Foltz (2003) noted that optically-bright BAL QSOs respectively (Miller et al. 1990). 
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then bending outward to a cone angle of ~ 60° under radiation 
pressure. When viewed at certain angles this structure absorbs 
light from the QSO nucleus, giving rise to BALs. In this model, 
the covering factor of the outflow would be the same as the ob- 
served fraction of BAL QSOs, i.e. ~20%. This model was pro- 
posed for radio-quiet QSOs, since at the time most of the BALs 
had been found in radio-quiet QSOs. Elvis (2000) suggests as 
a possible scenario for the radio-loud BAL QSOs that the mag- 
netic fields could recollimate the outflow near the point at which 
it would otherwise be accelerated radially to BAL velocities and 
instead accelerate the flow towards the poles. 

(2) On the basis of radio-variability arguments and work by 
Punsly (1999a, 1999b), Zhou et al. (2006) and Ghosh & Punsly 
(2007) propose that some BAL QSOs, including both radio-loud 
and radio-quiet, are viewed nearly face-on, with the BAL out- 
flows aligned within 15° of the polar direction. Punsly (1999b) 
notes that the bipolar wind model does not preclude the co- 
existence of equatorial BAL winds. 

(3) In the evolutionary scheme, the broad absorption troughs 
are produced during a specific period in the evolution of the 
quasar, perhaps as it transforms itself from a fully enshrouded 
object with a large infrared luminosity, thr ough a BAL phase, 
into a normal quasar (e.g., Briggs et al. 1984: lLipari & TerlevichI 
l2006l) . BAL QSOs could thus be newborn quasars in which 
strong nuclear starburst activity is expelling the dusty cocoons 
of the QSOs. This hypothesis finds support in the radio, with a 
large fraction of radio-loud BAL QSOs, ~2/3 showing spectral 
shapes and morphologies similar to Giga-Hertz-Peaked (GPS) or 
Compact Steep Spectrum (CSS) sources (Montenegro-Montes 
et al. 2008a, MM08 hereafter), a clas s of radio source s inter- 
preted as either young radio sources (iFanti et al.lll990l) or ra- 
dio sources frustrated by interaction with a dense environment 
(Ivan Breugel et al.|[T984l) . 

MM08 studied a sample comprising the 15 radio-brightest 
BAL QSOs known in 2005, with flux densities 5'i.4ghz > 15 
mJy. They measured radio flux densities using both the 100-m 
Effelsberg telescope and the VLA, over a broad range of fre- 
quencies from 1.4 to 43 GHz. Many of the radio characteristics 
of these sources were found to be prototypical of CSS or GPS 
sources. The low flux-density limit of this sample did not al- 
low MM08 to obtain significant polarisation measurements, and 
for only a few sources was it possible to make VLBI follow up 
observations with useful signal-to-noise (Montenegro-Montes et 
al. 2008b). 

To overcome these difliculties we define here a new sample 
with a brighter flux density limit, S 1.4 ghz > 30 mJy. This sample 
was obtained by correlating the FIRST Catalogue ( Faint Images 
of the Radio Sky at Twenty-cm; Becker et al. 1995, 1 White et al.l 
Il997h with the 4th SDSS Quasar Catalogue (Schneider et al. 
2007) drawn from the 5th data release of the Sloan Digital 
Sky Survey (SDSS-DR5; Adelman-McCarthy et al. 2007). This 
sample is therefore more homogeneous than the one studied in 
MM08. 

In this paper we report the results of a statistical comparison 
between the radio properties of a subsample of radio-loud QSOs 
showing BAL-like features and a matched sample of radio-loud 
non-BAL QSOs, in order to test for consistency with the mod- 
els discussed above. In particular, we measure the shape of the 
synchrotron spectra, the turn-over frequency and the polarisation 
properties, for the following reasons: 

- The distribution of radio spectral indices constrains the 
distribution of orientations for a given population of radio 
sources (Orr & Browne 1982), since flatter spectral indices 



imply lines of sight closer to the radio axis. If the distribution 
of radio spectral indices of BAL QSOs were different from 
that of non-BAL QSOs, this would support the orientation 
hypothesis for the origin of BALs. 

The synchrotron turn-over frequency can be used to estimate 
the age of a source, assuming the source is not frustrated 
(recent studies of GPS and CSS sources tend to exclud e 
the frustration scenario: iGupta et alll2006[ lMorgantill2008l ) . 
The age estimate is based on the observed correlation 
between linear size and turnover frequency of CSS and 
GPS radio sources (lO'Dea & BaumI 119971: iDallacasa et"ai] 
i2000i) . If BAL QSOs are found to be younger flian the 
non-BAL QSOs in the comparison sample, the evolutionary 
hypothesis would be favoured. 

Polarisation properties provide clues about magnetic fields 
and particle densities in the environment of the active 
galactic nucleus. In particular, if a higher rotation measure is 
found for BAL QSOs, this may imply a denser environment. 



The outline of the paper is as follows: In Section 2 we de- 
scribe the criteria used to select the BAL QSO sample and the 
non-BAL QSO comparison sample. The radio observations are 
described in Section 3. Section 4 presents the results and, for 
each measured parameter, a comparison of the properties of the 
BAL and non-BAL samples, and a discussion of how this com- 
parison affects our view of the competing hypotheses for the ori- 
gin of BALs. 

The cosmology adopted for the paper assumes a flat universe 
and the following parameters: Hq-IQ km s"' Mpc"', Qa=0.7, 
Om=0.3. The sign of the quoted spectral indices a is defined by 



2. BAL QSO sample and comparison sample 

The BAL QSO sample comprises 25 QSOs from the fourth edi- 
tion of the SDSS Quasar Catalogue (Schneider et al. 2007) with 
a FIRST radio counterpart having 5 1.4 > 30 mJy. This limit is 
twice as bright as the one used by MM08 in their pilot sample. 
We made a two-step selection of BAL QSOs: (1) We applied 
an automatic algorithm using a constant continuum to select the 
QSOs with possible C iv absorption in their SDSS spectra. (2) 
We refined the identification of the BAL QSOs by interactively 
fitting the con tinuum and measurin g the absorption index (Al), 
as defined by iTrump et al.l (l2006l) . for all the candidate BAL 
QSOs from the previous step. We included in our BAL QSOs 
sample any QSOs with AI>100 km s"' . A comparison sample of 
non-BAL QSOs is listed in Table|2l The selection of the samples 
is described in more detail below. 

The fourth edition of the SDSS Quasar Catalogue contains 
77429 QSOs, of which 6226 have a FIRST radio source lying 
< 2 arcsec away, assumed to be the radio counterpart. 2158 of 
these lie in the redshift range 1.7<z<4.7, allowing identification 
of C IV features on SDSS spectra. We made a two-step search for 
BALs in the spectra of the 536 of these with flux density limit 
5i.4 > 30mJy. 

The first step in selection of the BAL QSOs was measure- 
ment of the intrinsic Al as defined by Hall et al. (2002): 
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Figure 1: Distribution in flux density and redshift, of the QSOs 
in the BAL (crosses) and non-BAL (circles) samples. 



where /fvj is the normalized flux density. The value of C is unity 
in contiguous intervals of width 450 km s"' or greater, over 
which the quantity in parentheses is everywhere positive; oth- 
erwise C = 0. AI was computed in C iv using an automatic pro- 
cedure in which equation 1 was applied using as continuum for 
the normalization the median intensity in the rest-frame spectral 
window 1440-1470 A. Objects with AI > were selected as 
possible BAL QSO candidates. 

Each of the 536 spectra were examined by eye to identify any 
obvious wrong classifications due to, e.g., a poor estimate of the 
continuum derived from noise peaks or other features within the 
used spectral window. As a result of this combined automated 
and visual selection we found 29 initial BAL QSO candidates. 

Thirty of the QSOs with AI=0 were randomly selected to 
build the control sample, with the requirement that their position 
in the sky was convenient for scheduling purposes in the vari- 
ous observing runs, and the distribution in redshift matched as 
possible the BAL QSO sample. 

These 59 QSOs form the sample of sources for which we 
obtained the multifrequency radio observations for this work. 

The above selection procedure, normalising the continuum 
to the intensity in a fixed wavelength range, is appropriate to 
deal with large initial samples, but has two important caveats: 
(1) AI can be understimated if low- velocity absorption troughs 
are superimposed on the emission line, and (2) the assumption 
of a constant continuum over the region of interest may be in- 
adequate for some sources. As a result, the control sample may 
include some QSOs which are more appropriately classified as 
BAL QSOs, and vice versa. We measured the AI of the 59 QSOs 
more accurately using the following procedure. The continuum 
was obtained by interactively fitting the spectral region between 
the Si IV to the C iv emission lines (both included) with splines. 
After normalization with the fitted continuum, the C iv AI was 
measured using Eq. 1 but with the more strict definition from 
Trump et al. (2006), in which parameter C is unity over a con- 
tiguous interval of 1000 km s"' rather than the 450 km s"' used 
by Hah et al. (2002). 

Of the total 59 QSOs, 25 have AI > 100 km s' according 
to this definition, and these form the final BAL QSO sample. 



Table 1 : The sample of 25 radio-loud BAL QSOs studied in this 
paper. Columns 2-7 give the optical coordinates and redshifts 
from SDSS, the absorption index for the C iv line (width of at 
least 1000 km s '), the FIRST peak flux densities and the type. 



Name 



RA 

(J2000) 



DEC 

(J2000) 



AI 

(kms-') 



(mJy) 



BAL 

Type 



0044+00 
0756+37 
0816+48 
0842+06 
0849+27 
0905+02 
0929+37 
1014+05 
1040+05 
1054+51 
1102+11 
1103+11 
1129+44 
1159+01 
1159+06 
1229+09 
1237+47 
1304+13 
1327+03 
1335+02 
1337-02 
1404+07 
1406+34 
1603+30 
1624+37 



00 44 

07 56 

08 16 
08 42 

08 49 

09 05 

09 29 

10 14 
10 40 
10 54 
1102 
1103 
1129 
1159 
1159 
12 29 

12 37 

13 04 
13 27 
13 35 

13 37 

14 04 
14 06 
16 03 
16 24 



44.06 
28.24 
18.99 
24.38 
14.27 
5241 
13.97 
40.35 
59.80 
16.51 
06.66 
34.79 
38.47 
44.82 
01.75 
09.64 
17.44 
48.06 
03.21 
11.90 
01.40 
33.01 
53.84 
54.15 
53.47 



+00 13 03.5 
+37 14 55.6 
+48 23 284 
+06 31 16.8 
+27 57 29.7 
+02 59 31.5 
+37 57 43.0 
+05 37 12.6 
+05 55 24.4 
+5123 26.1 
+ 112104.9 
+ 11 14 424 
+44 03 25.1 
+01 12 06.9 
+06 56 19.1 
+09 38 10.1 
+47 08 07.0 
+ 13 04 16.6 
+03 13 11.2 
+02 53 09.5 
-02 46 30.3 
+07 28 47.2 
+34 33 37.3 
+30 02 08.7 
+37 58 06.6 



2.28 
2.51 
3.57 
2.45 
1.73 
1.82 
1.91 
2.01 
2.44 
2.34 
2.35 
1.73 
2.21 
2.00 
2.19 
2.65 
2.27 
2.57 
2.83 
1.85 
3.06 
2.86 
2.56 
2.03 
3.38 



1170' 

330 

260 

2690' 

540 

130 

2170 

250 

4920' 

2220' 

506 

380 

1430 

2260' 

3645 

230 

1300' 

640 

190 

210 

590 

120 

350 

1355 

1020' 



53.1 

239.4 

68.3 

48.1 

52.8 

43.5 

43.2 

55.0 

40.2 

32.0 

82.3 

148.0 

41.1 

266.5 

116.6 

66.2 

78.5 

49.6 

60.7 

105.3 

43.3 

131.1 

164.4 

53.7 

56.1 



Hi 
Hi 
Hi 
Hi 



FeLo 

Hi 
FeLo 

Hi 

FeLo 



Hi 



Hi 



Notes: ' Balnicity index BI > followine lWevmann et all ( Il99lh . 



This sample is shown in Table 1, where optical coordinates, red- 
shifts (both from SDSS), AI, and peak flux densities at 1.4 GHz 
from FIRST are given. For 1 1 BAL QSOs with z < 2.3 flie 
SDSS spectra include the vicinity of the Mg ii line at 2798 A, 
allowing a search for absorption in Mg ii, characteristic of low- 
ionisation BAL quasars (LoBALs) as well as in Fe ii (rest-frame 
range from 2200 to 2700 A), characteristic of FeLoBAL quasars. 
Three of the sources show Mg ii absorption as well as Fe ii ab- 
sorption and are therefore FeLoBALs, labelled 'FeLo' in Table 
1 . The remaining 8 sources lack absorption from both Mg ii and 
Fell and are identified as HiBAL and denoted as 'Hi' in Table 1. 
None of the 1 1 sources are LoBALs, showing Mg ii absorption 
but no Fe ii absorption. 

Of the 29 QSOs initiafly selected as BAL QSOs, 
1005+48, 1333+47, 1401+52, 1554+30, 2129+00, 2248-09, 
and 2331+01 have AI<100 km s"', and were therefore in- 
cluded in the comparison sample of non-BAL QSOs. In the op- 
posite sense, three QSOs initially in the control sample have 
AI>100 km s ' and were re-classified as BAL QSOs: 1 103 + 1 1, 
1335+02, and 1404+07. The comparison sample is listed in 
Table 2. Figure 1 shows the distribution of the 59 QSOs in red- 
shift and S 1.4 flux density. 

We note that the minimum velocity width we used for the 
selection of BAL QSOs, of 1000 km s ', although well above 
the maximum expected values for galactic halos, of ~ 600 km 
s"', is half the value used in the classical definition of BAL 
QSOs by Weymann et al. (1991), which picks up the most ex- 
treme cases, and was based on radio-quiet QSOs. Although a 
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Table 2: The sample of 34 comparison (non-BAL) QSOs stud- 
ied in this paper. Columns 2-5 give the optical coordinates and 
redshifts from SDSS and the FIRST peak flux densities. 



Table 4: Observing frequencies and beam sizes (half-power 
beam-width). 



Name 


RA 


DEC 


z 


5 1.4 




(J2000) 


(J2000) 




(mJy) 


0014+01 


00 14 27.93 


+0113 34.0 


2.18 


32.7 


0029-09 


00 29 49.46 


-09 5144.8 


2.71 


44.7 


0033-00 


00 33 04.32 


-00 48 14.5 


1.79 


31.3 


0103-11 


01 03 28.72 


-1104 14.6 


2.19 


47.5 


0124+00 


0124 01.75 


+00 35 00.1 


1.85 


159.3 


0125-00 


01 25 17.19 


-00 18 29.7 


2.28 


329.1 


0152+01 


01 52 10.35 


+01 12 28.9 


3.17 


31.3 


0154-00 


01 54 54.37 


-00 07 23.1 


1.83 


255.4 


0158-00 


01 58 32.52 


-00 42 38.5 


2.62 


169.4 


0750+36 


07 50 19.55 


+36 30 02.8 


2.03 


126.7 


1005+48 


10 05 15.98 


+48 05 33.2 


2.38 


206.1 


1322+50 


13 22 50.55 


+50 03 35.4 


1.73 


85.7 


1333+47 


13 33 25.06 


+47 29 35.4 


2.62 


44.0 


1401+52 


14 0126.15 


+52 08 34.6 


2.97 


36.2 


1411+34 


14 11 55.24 


+34 15 10.4 


1.82 


92.5 


1411+43 


14 1152.77 


+43 00 23.9 


3.20 


122.9 


1502+55 


15 02 06.53 


+55 2146.1 


3.32 


86.5 


1512+35 


15 12 58.36 


+35 25 33.3 


2.23 


47.1 


1521+43 


15 2149.61 


+43 36 39.4 


2.17 


213.5 


1528+53 


15 28 21.68 


+53 10 30.7 


2.82 


172.4 


1554+30 


15 54 29.40 


+30 01 19.0 


2.69 


40.0 


1634+32 


16 34 12.77 


+32 03 35.4 


2.34 


175.2 


1636+35 


16 36 46.41 


+35 57 43.7 


1.91 


73.4 


1641+33 


16 4148.07 


+33 45 12.5 


2.75 


54.5 


1728+56 


17 28 52.61 


+56 4143.9 


1.77 


120.3 


2109-07 


21 09 26.41 


-07 39 25.9 


1.88 


44.8 


2129+00 


21 29 16.61 


+00 37 56.7 


2.96 


48.0 


2143+00 


21 43 24.37 


+00 35 02.8 


2.04 


40.6 


2238+00 


22 38 43.57 


+00 16 48.0 


3.47 


35.6 


2244+00 


22 44 59.44 


+00 00 33.4 


2.95 


41.4 


2248-09 


22 48 00.70 


-09 07 44.9 


2.11 


32.4 


2331+01 


23 31 32.84 


+0106 21.0 


2.64 


42.4 


2346+00 


23 46 24.56 


+00 19 14.2 


1.78 


39.4 


2353-00 


23 53 30.21 


-00 04 13.4 


1.89 


70.5 



Table 3: Summary of the observations. 



Run 



Date 



Telescope 



Frequencies (GHz) 



1 14-23 Dec 07 Effelsberg 2.65, 4.85, 8.35, 10.5 

2 10-15 Sep 08 Effelsberg 2.65,4.85,8.35,10.5 

3 1-5 Jul 09 Effelsberg 2.65, 4.85, 8.35, 10.5 

4 21-27 Jul 09 VLA(C) 1.4,4.86,8.46,22.5,43.3 



Telescope 


Frequency 


Bandwidth 


^HPBW 




(GHz) 


(MHz) 


(arcsec) 


Effelsberg 


2.65 


80 


265 


Effelsberg 


4.85 


500 


145 


Effelsberg 


8.35 


1100 


80 


Effelsberg 


10.5 


300 


65 



VLA(C) 


1.4 


VLA(C) 


4.86 


VLA(C) 


8.46 


VLA(C) 


22.5 


VLA(C) 


43.3 



50 
50 
50 
50 
50 



12.5 
3.9 
2.3 
0.9 
0.47 



in this work, namely 0044+00, 0842+06, 1040+05, 1054+51, 
1159+01, 1237+47 and 1624+37. 



3. Radio observations and data reduction 

We observed the QSOs at frequencies ranging from 1.4 to 43 
GHz, using the 100-m Eff'elsberg single dish and the VLA in 
full polarisation mode (Stokes I, Q and U images). Tables 3 and 
4 summarise the different runs and observing setups. 



3.1. Effelsberg 100-m telescope 

Observations with the Effelsberg 100-m dish were carried out 
during 3 separate runs (see Table |3). All observations (for BAL 
QSOs and comparison QSOs) were carried out using cross-scans 
in azimuth and elevation at 2.65, 4.85, 8.35 and 10.5 GHz, with 
a cross-scan length of 4 times the beam size. On-source integra- 
tion times were between 20 and 60 seconds per source and per 
frequency, depending on the expected source intensity. 

During the data reduction, all scans were visually checked to 
remove radio-frequency interference, bad- weather effects (noisy 
scans due to heavy rain or clouds) or detector instabilities. The 
signals were fitted with a Gaussian to extract flux densities, fol- 
lowing the standard reduction method for Effelsberg data, using 
the CONT2 programme of the TOOLBOXQ package. 3-cr upper 
limits were placed on the flux densities of undetected sources 
(Section 3.3). 

The flux-densities were calibrated on the Baars et al. (1977) 
scale, via observations of 3C286. A calibration of the polarisa- 
tion was carried out in the standard way, using observations of 
3C286 to remove the effects of instrumental polarisation. 



sample of extreme BAL QSOs might better reveal the differ- 
ences between the radio properties of BAL QSOs and a con- 
trol sample of non-BAL QSOs, the fraction of BAL QSOs is 
lower among radio-selected samples than among optically selec- 
ted ones, and moderate BAL QSOs have been included in order 
to have a large enough sample for statistical studies. In addi- 
tion, a more relaxed definition of broad absorption allows us to 
cover a wider range of outflow phenomena, including BALs with 
lower outflow velocities. These lower-velocity flows could be 
driven by different acceleration mechanisms, depending on the 
QSO radio luminosity (see Punsly 1999a and references therein, 
and Ghosh & Punsly 2007 for BAL QSO models and its rela- 
tion to radio emission). Using Weymann's Balnicity index (BI), 
defined as Eq. 1 apart from the lower velocity limit, chosen to 
be 3000 km s"', and the above-mentioned wider absorption, 
> 2000 km s', we obtained BI > for 7 of the 25 BAL QSOs 



3.2. Very Large Array 

In July 2009 we used the VLA to observe the BAL QSOs in the 
frequency range 1.4 to 43 GHz. We used five different receivers 
(L, C, X, K and Q band, corresponding to 1.4, 4.86, 8.46, 22.5 
and 43.3 GHz) and imaged at all frequencies the QSOs in both 
the BAL QSO sample and the comparison sample. The integra- 
tion times depended on band and source, and varied beween 4 
and 15 minutes. 

The highest angular resolutions reached in our work are 
lower than those reached by MM08, since the latter used VLA 
in A configuration whereas that for this work we used configur- 
ation C at the VLA. 

The flux-densities were calibrated on the Baars et al. (1977) 
scale, via observations of 3C286. 3C286 was also used as a 



http://www.mpifr-bonn.mpg.de/english/radiotelescope/index.html 
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Table 5: The measured flux densities (in mJy) for the sample of 25 radio-loud BAL QSOs. Flux densities at 1.4, 4.86, 8.46, 22 and 
43 GHz are from the VLA; those at 2.6, 4.85, 8.35 and 10.5 GHz are from the Effelsberg telescope. Asterisked values are taken 
from the FIRST survey. Superscripts on the errors indicate the run number of the Effelsberg observations, according to the key in 
Table 3. Column 2 the specifies the component of the source being referred to (see Section 4.1): if no letter is present the total flux 
density is given. The last column gives the projected linear size (in kpc) of the resolved sources (in boldface) and the upper limits 
for unresolved sources (the latter taken from the highest-resolution map with at least a 3-cr detection). 



Name comp. 


5 1.4 


52.6 


5 4.85 


5*4.86 


5 8.35 


5 8.46 


5 10.5 


522 


543 


LS 


0044+00 




54.76±0.11* 


54.8±2.9 ' 


30.9±1.0 ' 


34.2±1.8 


24.0±1.0 ' 


25.5±0.6 


26.9±3.9 ' 


9.5±2.7 


4.9±1.8 


<8 


0756+37 




213±14 


266.0±3.1 ' 


209.6±2.6 ' 


226.2±2.0 


131.5±3.0' 


142.1±1.8 


113.6±5.2' 


56.2±2.4 


<8.4 


<8 


0816+48 




304±21 


45.8±1.4' 


31.8±1.0' 


31.4±0.5 


18.4±0.8 ' 


19.5±0.5 


15.3±2.6 ' 


<5.7 


- 


217 


0842+06 




45.9+7.5 


45.7±1.9' 


30.7±1.7 ' 


29.5+04 


<54' 


20.9±0.5 


15.4±4.6 ' 


6.9±14 


- 


<8 


0849+27 




67.08±0.30* 


49.4±1.7 ' 


32.0+1.5 ' 


- 


21.3±1.0' 


- 


17.2±2.2 ' 


- 


- 


173-382 




A 


7.84±0.15* 


- 


- 


- 


- 


- 


- 


- 


- 






B 


4.47±0.15* 


- 


- 


- 


- 


- 


- 


- 


- 






C 


53.95±0.15* 


- 


- 


- 


- 


- 


- 


- 


- 






D 


0.82±0.15* 


- 


- 


- 


- 


- 


- 


- 


- 




0905+02 




32.8±8.5 


87.0±3.5 2 


47.8±2.7 - 


- 


27.9±l.l2 


28.5±14 


<135 2 


8.8±1.9 


- 


<8 


0929+37 




38.9±4.9 


29.4±1.8 2 


29.1±L4- 


32.0+0.5 


26.0±1.3 2 


29.3±0.5 


20.7±7.2 - 


19.1±14 


6.9±2.5 


<8 


1014+05 




57.9±3.3 


37.4±3.3 3 


33.1±2.2 3 


34.5±0.6 


- 


25.1±0.5 


17.9±3.0 3 


12.6±2.2 


- 


<8 


1040+05 




42.20±0.23* 


- 


- 


37.2+14 


- 


5.2±04 


- 


- 


- 


<19 


1054+51 




38.8±3.4 


32.1±1.9' 


16.7±1.1 ' 


15.9±0.5 


8.6±0.7 ' 


9.5±0.6 


7.9±3.2 ' 


<12.6 


- 


<19 


1102+11 




98.4±7.9 


79.2±2.4 3 


36.4±2.4 3 


39.8+0.8 


18.6±0.7 2 


19.9±0.7 


16.1±5.0- 


<4.2 


- 


<19 


1103+11 




250.43+0.21* 


150.9±2.2 ' 


95.5±2.1 ' 


100.9+0.8 


65.9±1.1 ' 


75.0±0.8 


58.4±3.8 ' 


43.6±1.8 


- 


69 




A 


76.14+0.15* 


- 


- 


21.2+0.3 


- 


10.2±0.3 


- 


- 


- 






C 


174.29±0.15* 


- 


- 


79.7±0.7 


- 


64.8±0.7 


- 


- 


- 




1129+44 




42.1±7.4 


72.1±1.6' 


41.3±1.5' 


38.5+2.5 


23.9±6.6 ' 


26.6±1.7 


19.5±3.9 ' 


3.1±1.2 


- 


<19 


1159+01 




264.4±9.8 


- 


- 


146.1 ±1.3 


- 


176.6±2.2 


- 


169.2±2.8 


- 


<8 


1159+06 




159.5±3.1 


109.5±5.3 - 


60.2±2.5 2 


58.5±1.1 


35.8±1.6 2 


37.6±0.7 


26.2±3.3 2 


4.6±2.3 


- 


<19 


1229+09 




81.3±6.6 


35.8±1.5 ' 


15.4±2.3 ' 


17.3±0.5 


15.7±6.3 ' 


- 


7.5±2.4 ' 


<2.7 


- 


<32 


1237+47 




74.7±5.9 


- 


- 


62.3±1.0 


- 


61.6±1.6 


- 


- 


- 


<19 


1304+13 




61.4±4.9 


37.0±3.0 3 


21.4±1.6 3 


24.6±0.5 


15±12 2 


17.1±0.5 


14.3±3.5 2 


5.3±1.3 


- 


<8 


1327+03 




163±15 


92.2±2.7 ' 


67.7±1.9 ' 


79.5±1.7 


52.5±1.2 ' 


56.5±0.7 


51.8±3.3 ' 


28.6±1.8 


- 


<8 


1335+02 




112.3±5.6 


96.9±1.7 ' 


81.9±1.3' 


86.7±1.3 


63.3±1.4 ' 


69.4±1.0 


64.7±3.9 ' 


88.6±1.7 


<10.5 


<8 


1337-02 




47.2±5.3 


67.3±3.2 3 


42.3±2.7 3 


42.9±0.8 


- 


16.4±0.5 


- 


- 


- 


<19 


1404+07 




187.8+3.6 


225.9±2.6 ' 


209.4±2.8 ' 


206.4±2.3 


173.6±2.4 ' 


189.6±2.2 


160.9±7.5 ' 


146.9±2.3 


- 


<8 


1406+34 




165 ±24 


246.6±2.9 ' 


301.5±3.1 1 


312.8±3.1 


263.1±3.4 ' 


276.3±3.0 


237±10 ' 


180.1±2.9 


90.2±3.4 


<4 


1603+30 




54.17±0.14* 


34.4±9.9 3 


38.8±2.5 3 


34.5±24 


- 


26.9±0.6 


- 


9.7±1.3 


- 


17 




A 


- 


- 


- 


- 


- 


- 


- 


2.4±0.8 


- 






C 


- 


- 


- 


- 


- 


- 


- 


7.3±1.0 


- 




1624+37 




56.44±0.14* 


35.0±3.0 ' 


25.8±1.5 ' 


28.1±3.7 


22.5±0.7 1 


18.2±1.7 


18.9±5.6' 


7.4±3.1 


- 


<19 



phase calibrator In addition, secondary phase calibrators were 
observed at regular time intervals (different for each band) and 
between 2 and 5 degrees from the target sources. At the highest 
frequencies (22 and 43 GHz) we switched between target and 
calibrator every 30 seconds ('fast-switching mode'), to improve 
the phase calibration. 

The data were reduced with the 31DEC09 version of AIPSQ, 
and version 3.0 of CASAQ was used to extract flux densities via 
an automated python script. We used the task IMSTAT to per- 
form this calculation for the Stokes I, Q and U images. 3-cr up- 
per limits were placed on the flux densities of undetected sources 
(Section 3.3). 

The polarisations were calibrated using 3C286 as a strong 
unresolved source to determine the instrumental polarisation and 
the apparent polarisation angle. 

3.3. Error determination 



We followed the approach of iKlein et alj ( l2003h for the determ- 
ination of flux-density errors, considering three main contribu- 
tions: (i) the fractional calibration error AScai, estimated from 



^ http://www.aips.nrao.edu 
"^ http://casa.nrao.edu 



the dispersion of the observations of the flux density calibrat- 
ors; (ii) the error introduced by noise, A5„, which is estimated 
from the local noise around the source; and (iii) the confusion 
error A^ amj due to the possible presence of background sources 
within the l)eam area. When the beam has small dimensions, as 
in interferometric data, the last term can be neglected. 

Thus the expressions for the total uncertainty of the Stokes 
parameters are given by equations |2] and |3]below for Effelsberg 
and the VLA, respectively: 



A5,- 



A5,- 



^ 



A5,„,)2 + A5 



+ A52 ,. 

conf,i 



/ = i,Q,U 



(SrAS,,,)- + AS 



^beam 



!=I,Q,U 



(2) 



(3) 



where A^n- is the area of the aperture within which the source 
flux density is measured, and A/,ea,„ is the area of the synthesised 
beam. The expressions for the uncertainties of m (fr actional po- 
larisat ion) dindy (polarisation angle) can be found in lKlein et al.l 
(I2003h . 
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Table 6: Flux densities for the sample of 34 non-BAL QSOs (see the caption of Table 5 for details). For source 2238+00 we give the 
upper limit of linear size from the FIRST, since the only significant detection from our observations was at 1 .4 GHz, with a lower 
resolution. 



Name comp 


SiA 


52.6 


5 4.85 


■S4.86 


58.35 


58.46 


5 10.5 


522 


543 


LS 


0014+01 




40.9+6.3 


19.6+1.8" 


13.7+0.9" 


14.1+0.5 


13.9+0.7 " 


10.9+04 


8.5+1.8" 


4.0+1.2 


- 


<8 


0029-09 




41.9+5.2 


33.5+2.5 " 


43.5+2.7 3 


38.6+1.1 


39.6+1.0" 


54.7+0.7 


44.4+2.5 " 


67.9+2.8 


40.0+2.2 


<4 


0033-00 




65.1+5.7 


29.1+2.3 3 


19.8+1.3^^ 


17.9+0.7 


12.4+0.6 " 


13.2+0.4 


12.9+2.2 " 


4.1+2.0 


- 


51 




A 


- 


- 


- 


- 


- 


2.5+0.2 


- 


- 


- 






C 


- 


- 


- 


- 


- 


10.7+0.3 


- 


- 


- 




0103-11 




50.17+0.15* 


48.1+2.5 3 


41.4+2.5" 


40.4+0.5 


28.6+0.9 " 


32.2+0.5 


26.8+2.2 " 


24.2+2.1 


10.4+1.8 


<4 


0124+00 




178.4+6.9 


83.9+3.8- 


59.2+2.4 2 


62.8+1.9 


41.4+1.5- 


40.2+0.8 


36.7+4.9 2 


11.6+1.6 


- 


<8 


0125-00 




536.97+0.42* 


365.7+34 ' 


248.4+2.8 ' 


240.3+4.5 


158.6+3.7 ' 


173.7+1.9 


151.9+7.7 ' 


81.2+2.6 


46.0+2.9 


42 




A 


- 


- 


- 


- 


- 


27.2+0.8 


- 


- 


- 






C 


- 


- 


- 


- 


- 


146.5+1.7 


- 


- 


- 




0152+01 




33.30+0.15* 


- 


- 


9.2+1.2 


- 


10.7+0.9 


- 


3.3+1.3 


<1.2 


<19 


0154-00 




273.8+8.2 


234.6+2.8 - 


163.5+5.9 2 


162.3+1.5 


94.6+3.1 2 


- 


68.1+4.32 


27.0+1.7 


7.3+2.0 


<4 


0158-00 




190.9+44 


106.4+3.2 2 


75.1+2.8- 


75.0+0.7 


51+19 2 


52.6+0.7 


45.6+3.6 - 


- 


12.4+1.9 


<4 


0750+36 




109.9+5.1 


- 


66.1+2.6- 


65.4+0.8 


45.2+1.2 2 


46.9+0.7 


37.5+3.6- 


20.5+2.1 


<5.1 


<8 


1005+48 




161+22 


162.2+2.5 ' 


111.5+4.4' 


121.3+1.0 


69.9+3.2 ' 


83.6+1.1 


68.7+4.0 ' 


45.7+1.6 


10.9+24 


<4 


1322+50 




116+10 


78.9+24 ' 


54.3+1.5 ' 


55.6+0.9 


42.7±1.1 ' 


40.2+0.7 


35.6+3.2 ' 


14.3+2.6 


- 


<8 


1333+47 




176.4+6.9 


- 


26.6+1.7" 


25.9+0.5 


- 


17.8+0.5 


- 


13.9+3.5 


- 


<8 


1401+52 




100+13 


47.8+3.3 3 


36.7+2.4" 


33.2+0.6 


- 


24.9+1.2 


- 


8.3+1.6 


- 


<8 


1411+34 




189.14+0.24* 


145.0+24 ' 


120.2+1.9 ' 


85.1+5.2 


105.1±1.9 ' 


86.3+2.9 


102.6+5.3 ' 


120.2+1.7 


83.3+2.7 


199 




A 


28.32+0.14* 


- 


- 


5.4+0.7 


- 


2.6+0.7 


- 


- 


- 






B 


58.17+0.14* 


- 


- 


16.4+0.7 


- 


5.3+0.7 


- 


- 


- 






C 


102.65+0.14* 


- 


- 


80.4+1.0 


- 


85.5+1.3 


- 


- 


- 




1411+43 




135.4+8.9 


112.1+2.0' 


98.6+1.4' 


99.9+0.9 


79.3+1.2 ' 


82.3+1.1 


73.5+4.1 ' 


63.7+2.0 


29.6+3.0 


<4 


1502+55 




91.94+0.15* 


58.9+1.6 ' 


35.2+1.1 ' 


35.6+0.7 


34+16 ' 


24.9+0.5 


19.7+2.7 ' 


7.2+1.7 


- 


<8 


1512+35 




47.48+0.13* 


40.8+2.2 2 


36.0+1.9- 


40.9+0.5 


34.7+4.7 - 


48.4+0.8 


32.8+34 - 


60.4+2.5 


16.8+2.9 


<4 


1521+43 




268.0+4.5 


276.0+2.7 ' 


256.8+2.8 ' 


387.3+3.0 


346.9+4.4 ' 


523.1+5.7 


396+16 ' 


583.7+6.2 


- 


<8 


1528+53 




207+12 


131.7+84' 


68.0+1.4 ' 


70.6+3.7 


45.0+1.5 ' 


43.0+0.8 


36.3+3.5 ' 


15.1+1.5 


- 


<8 


1554+30 




41.22+0.15* 


31.4+2.7 3 


44.6+2.8 " 


37.1 + 1.9 


- 


30.3+2.2 


- 


10.1+2.9 


2.6+1.2 


<8 


1634+32 




46.9+1.6 


209.9+2.8 - 


171.6+5.8^ 


179.3+1.5 


136.5+2.9 2 


148.3+1.9 


116.9+5.7 2 


35.1+3.3 


13.9+2.6 


<4 


1636+35 




86.6+7.0 


97.7+2.5 2 


76.1+2.9- 


- 


58.1+2.9 2 


- 


48.8+3.9- 


29.3+2.0 


- 


<8 


1641+33 




83.7+64 


73.1+2.2 2 


73.4+2.8 - 


81.4+0.8 


70.6+1.7 2 


66.1+0.9 


61.7+3.6- 


26.6+3.3 


- 


<8 


1728+56 




190+14 


108.6+2.7 ' 


56.4+1.3 ' 


67.2+0.9 


34.9+1.7 ' 


35.8+14 


25.3+3.3 ' 


15.4+1.6 


- 


87 




A 


- 


- 


- 


26.6+0.4 


- 


14.9+0.3 


- 


4.2+1.1 


- 






B 


- 


- 


- 


- 


- 


- 


- 


4.9+0.8 


- 






C 


- 


- 


- 


- 


- 


- 


- 


6.3+0.9 


- 






B+C 


- 


- 


- 


40.9+0.5 


- 


22.3+04 


- 


- 


- 




2109-07 




59.5+3.2 


41.7+2.7 3 


33.7+2.2 " 


30.9+0.7 


19.9+0.8 " 


22.6+0.6 


15.1+2.8" 


- 


- 


<19 


2129+00 




51.4+7.6 


33.2+1.5 ' 


30.4+3.0 ' 


32.8+0.5 


24.2+0.8 ' 


27.4+0.5 


21.6+2.6 ' 


10.3+1.6 


8.6+2.3 


<8 


2143+00 




41.45+0.10* 


38.5+24 3 


53.9+3.3 " 


50.9+0.6 


53.6+1.3 " 


61.9+0.8 


56.9+2.2 " 


39.4+1.9 


26.3+1.8 


<4 


2238+00 




32.2+7.9 


- 


- 


- 


- 


- 


- 


<5.4 


- 


<37 


2244+00 




34.4+7.1 


- 


- 


24.9+0.7 


- 


22.2+0.5 


- 


8.9+1.5 


4.9+1.5 


<8 


2248-09 




35.33+0.13* 


19.4+1.6' 


14.9+2.5 ' 


13.2+04 


7.9+0.7 ' 


8.1+0.5 


7.4+2.0 ' 


- 


- 


<19 


2331+01 




41.96+0.13* 


38.4+2.0 ' 


28.5+2.5 ' 


25.9+0.5 


19.3+0.6 ' 


23.0+0.5 


17.9+2.3 ' 


10.7+1.4 


<7.5 


<8 


2346+00 




48.4+2.9 


41.9+2.5 2 


47.6+2.1 2 


49.7+0.6 


41.8+4.0 - 


50.1+0.8 


42.7+3.8 - 


37.1 + 1.9 


16.7+2.6 


<4 


2353-00 




87+17 


- 


<63 2 


26.8+0.6 


- 


18.5+0.5 


<29 2 


7.9+1.8 


1.9+0.7 


<8 



4. Results and discussion 



In Tables |5] and |6] we present our measurements of the flux- 
densities of the BAL QSOs and the comparison sample from L4 
to 43 GHz. For sources which were resolved on the VLA maps 
(see Section 4.1) we provide both the total flux densities and the 
flux densities of the individual components, where the compon- 
ents were well resolved and when reliable measurements were 
possible. At 1 .4 GHz, if we made no measurements, we give in 
Tables |5] and |6] the FIRST integrated flux densities. In the last 
column of each table we give upper limits on the projected lin- 
ear sizes of the unresolved sources, extracted from the highest- 
resolution VLA map with a significant detection. The sizes of 
resolved sources were obtained from whichever map presents 
the largest projected linear size. 



We extended the SEDs to frequencies lower than L4 GHz 
using data from the literature (see Table |7}. Flux densities and 
upper limits (when cut-out images were available) were collec- 
ted from the followin g surveys: V LSS (74 MHz, [Cohen et aP 
20 03), 6C (151 MH z, lHaiesetal.l [T98^. WENSS (325 MHz , 
Ide Bruvn etal .l l2000h. TEXAS (365 M Hz. iDouglas et al.l[T996l) 



4.1. Morphology 

The radio morphologies of the QSOs in the two samples can 
be compared at the arcsec scale using the VLA maps, which 
have at all frequencies a higher resolution than the Effelsberg 
100-m single-dish cross-scans. At L4 GHz, we complement our 
VLA data with those from FIRST data, obtained with a higher 
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Table 7: Low-frequency flux densities (in mJy) from the literat- 
ure (see Section 4 for references) for the samples of BAL (upper 
list) and non-BAL (bottom list) QSOs. The subscripts indicate 
the frequencies in MHz. For VLSS and WENSS, 3-cr upper lim- 
its are given for non-detections. 



Name 


rVLSS 

J 74 


c6C 
'' 151 


r WENSS 
■^325 


r TEXAS 
"^365 


r.B3 


0044+00 


<300 




- 


- 


- 


- 


0756+37 


<228 




- 


25.0+3.1 


- 


- 


0816+48 


<936 




- 


62.7+4.5 


- 


- 


0842+06 


<267 




- 


- 
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resolution. Maps of the resolved sources are shown in Fig. |2]and 
their linear sizes are listed in Table |5]and|6] 



BAL QSO sample 

Amongst the BAL QSO sample, 16 were detected at high angu- 
lar resolution (3 with resolution 0.47 arcsec, from 43-GHz ob- 
servations, and 15 with resolution 0.9 arcsec, from 22-GHz ob- 
servations). Only one of them (1603+30) was resolved at either 
of these frequencies. Another five sources were observed with a 
poorer resolution, of 2.3 arcsec (8.46 GHz). For 0849+27, lack- 
ing VLA observations from our work, the FIRST data provide 
the best resolution. A detailed discussion of the four resolved 
BAL QSOs is presented below. 

0816+48 is elongated to the south-west in the 1.4-GHz map. 
A gaussian fit yields an angular size of 29 arcsec along the major 
axis and an upper limit of 14 arcsec along the minor axis, cor- 
responding to a projected linear size of 217 kpc and <105 kpc 
respectively. The total spectral index in the range from 4.86 to 
8.46 GHz is alf^ = -0.86 + 0.05 (see Section 4.4 and Tabled. 

0849+27, for which we have no usable VLA observations, 
is resolved in the FIRST map (resolution of 5 arcsec, see Fig. 
2). The map shows three components, located at 25 arcsec NE 
(D), 34 arcsec NE (B) and 20 arcsec SW (A) from the core 
(C), which is coincident with the QSO optical position. The 
four components are included in the FIRST catalogue of radio 
sources. Throughout the paper, we will label core components 
as 'C. The largest separation between components is approxim- 
ately 44 arcsec, corresponding to a projected linear size of 382 



kpc. The total spectral index of the source is ff^gg = -0.73+0.12. 
If the two fainter and farther located NE components are inter- 
preted as a background source, 0849 +27 would have a size of 20 
arcsec, corresponding to a projected linear size of 173 kpc. 

1103+11 is resolved at 1.4 (FIRST), 4.86 and 8.46 GHz, 
and shows a core-lobe morphology. This interpretation is sup- 
ported by the coincidence of component C with the optical po- 
sition of the QSO. The angular size from the highest-resolution 
map (8.46 GHz) is 8 arcsec, corresponding to a projected linear 
size of 69 kpc. The lobe is not detected at higher frequencies, 
probably due to the steeper spectral index with respect to the 
core, which decreases the lobe flux density below the 3-cr de- 
tection limit at the highest frequencies. The spectral indices are: 
a^ = -0.37 + 0.02 for the core (C) and a^ = -1.32 + 0.06 
for the lobe (A), and a^l^ - -0.53 ± 0.02 for the total emission. 

1603+30 is resolved at 22 GHz, showing a core component 
(C) coincident with the optical position of the QSO and another 
component towards the south (A), which could be interpreted as 
a lobe. The angular size is 2 arcsec, corresponding to 17 kpc. 
The total spectral index of the source is a^gg - -0.45 + 0.13. 



non-BAL QSO sample 

For 3 1 of the 34 sources in the comparison sample, we obtained 
observations with resolution 0.5 or 0.9 arcsec (frequencies 43 
and/or 22 GHz) and for two other two sources we have 8.46-GHz 
observations with resolution 2.3 arcsec. The highest-resolution 
observations available for 2238+00 are from FIRST, and the 
source is unresolved. In total four of the non-BAL QSOs are 
resolved: 

0033-00 has core-lobe structure in the 8.46-GHz map. The 
total angular size is 6 arcsec (5 1 kpc) and the total spectral index 
is ff^l^ = -0.55 ± 0.09. 
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A core-lobe structure is visible in 0125-00 at 4.86 and 8.46 
GHz. Since at 4.86 GHz the lobe is not well resolved from the 
core, we only provide the total flux density (core and lobe) at 
this frequency in Table |6] The angular size, as measured from 
the 8.46 GHz map, is 5 arcsec, corresponding to 42 kpc. The 
total spectral index of the source is a^gg - -0.59 + 0.04. 

1411 H-34 is resolved in the FIRST survey, and our VLA maps 
at 4.86 and 8.46 GHz show a core and double-lobe, with angular 
size at 8.46 GHz of 23 arcsec (199 kpc). At 22 and 43 GHz only 
the core is detected. The spectral indices are a^gg = 0.1 1 + 0.03 
for the core, alf^ = -1.32 + 0.54 for lobe A and alf^ = -2.04 + 
0.25 for lobe B. The total spectral index is alf^ = 0.02 + 0.13. 

1728H-56 is a double source at 4.86 and 8.46 GHz. At 22 
GHz, a core component is also detected, and is coincident 
with the optical position of the QSO. The B and C compon- 
ents, which are resolved at 22 GHz, are blended at the lower 
frequencies. The angular size (separation of A and B) at 22 
GHz is 10 arcsec, corresponding to 87 kpc. The spectral index 
calculation for the A component yields o-^gg - -1.04 + 0.04 and 
for Bh-C 0-4 gg = -1.09 + 0.04, indicating that the lobe emission 
dominates. For the total emission we found a spectral index 
a«:4^ = -1.14 + 0.07. 

In summary, we found from our multi-wavelength observa- 
tions only eight resolved sources out of 59. The fractions of re- 
solved sources in the two samples are similar, as are the ranges 
of angular sizes, from 20 to 200-400 kpc. The morphologies 
of the BAL QSOs include one extended source, two core-lobe 
and an ambiguous case between core-lobe and core double-lobe. 
The morphologies of the non-BAL QSOs include two core-lobe 
and two core double-lobe sources. The fraction of unresolved 
sources is 21/25=84% for the BAL QSOs and 30/34=88% for 
the non-BAL QSOs. 20 of the unresolved BAL QSOs and 27 of 
the unresolved non-BAL QSOs have been observed at the VLA 
at 8.46 GHz, with 2.3 arcsec resolution. These data indicate that 
most of the QSOs in the two samples have sizes below 20 kpc 
at 8 GHz, using the average redshift z - 2.4 of the two samples. 
Individual upper limits for the sources linear sizes are given in 
Table |5] and Two of the unresolved BAL QSOs, 1159+01 and 
1624+37, were resolved by VLBA (Montenegro-Montes et al., 
2008b, 2012 in preparation), both showing a core-jet morpho- 
logy with sizes of 0.85 kpc and 60 pc respectively. 

It has been suggested that up to 25% of compact radio 
sources can intrinsically be extende d sources, vie wed as being 
compact due to their orientation CiFanti et al.lll990l) . Our sample 
includes only QSOs, which are usually considered to be active 
galactic nuclei seen from a particular range of viewing angles, 
from a few degrees up to -45° from the jet axis (limit imposed 
by the presence of the dusty torus). This, in principle, could in- 
crease the contamination, if we consider, as do Fanti et al., that 
a viewing angle <20°-30° can significantly reduce the projected 
linear size of a source. 



4.2. Variability 

For most of the sources we have two measurements of the flux 
density at 4.8 GHz, one from Effelsberg observations at 4.85 
GHz and the other from the VLA at 4.86 GHz. Similarly, at 8.4 
GHz, we have for many sources Effelsberg data at 8.35 GHz and 
VLA data at 8.46 GHz. We checked these flux densities for po- 
tential variable sources in the sample, evaluating for each pair of 
measurements the fractional variability and significance. For the 
sources resolved in the VLA maps (see Sect. 4.1) we used the 



total flux densities. We adopted the fractional variability index 
defined by Torniainen et al. (2005): 



Var, 



' max '-' mm 



AS 



(4) 



The significance of the source variability was estimated us- 
ing the (Tvar parameter as defined e.g. by Zhou et al. (2006), 



O-Va 



\S2-Si\ 



4 



(5) 



^1+^2 



where 5, and o-j are the flux density and its correspond- 
ing uncertainty. We consider as candidate variable sources those 
with (Tvar ^ 4 and a fractional variability > 20%. In the follow- 
ing we briefly discuss these cases. 

In the BAL QSO sample, 20 sources have 4.8-GHz flux dens- 
ities from both Effelsberg and the VLA, and 17 have 8.4-GHz 
flux densities (16 of these sources are in common with the first 
group). In four cases we found crvar > 4 and we list in Table [8] 
the flux densities, variability significance, fractional variability 
and time interval. None of these fractional variabilities exceeds 
20%. 

In the comparison sample, 30 sources were observed at 4.8 
GHz by both telescopes, and 25 at 8.4 GHz. Seven of the sources 
have variability significance above 4 at one or both frequencies 
and they are listed in Table |8] 1005+48 shows modest variab- 
ility, just at the considered threshold. 0029-09 and 1521+43 
show both a high variability significance, cryar > 10, and a high 
fractional variability, ~ 40-50 per cent, with 1521+43 being the 
most extreme case, showing large variations at the two frequen- 
cies. The remaining variable source, 1411+34, is resolved at the 
VLA (see Sect. 4.1). It shows variations at the two frequencies 
at a level 20-40%, with significance 5-7cr. Since for this case 
we found the lower flux densities at the higher resolutions, the 
apparent variability for this source could be due to resolution ef- 
fects and therefore it cannot be considered a bona fide intrinsic 
variable candidate. 

Summarizing the results from the comparison between VLA 
and Effelsberg data, we found three sources with likely intrinsic 
variability, 0029-09, 1005+48 and 1521+43, all of them in the 
comparison sample. 1411+34 (non-BAL QSO sample) shows 
flux-density variations that could be due to resolution effects. 
Given the small number of variable sources, it is not possible 
to firmly state whether BAL and non-BALs have different vari- 
ability behaviour, although our data suggest a lower fraction of 
variables for the BAL QSO sample. 

The BAL QSOs 1 159+01, 1603+30 and 1624+37 were also 
included in the MM08 sample. We studied the possible variabil- 
ity of these sources comparing the flux densities at various fre- 
quencies in this work with those reported at MM08, considering 
the same radiotelescope (Effelsberg or VLA). Most of the flux 
densities for 1624+37 presented at MM08 were taken from Benn 
et al. (2005). 

For 1 159+01 we found o-yg,. > 4 in the comparison of VLA 
data at the frequencies of 8.4 GHz and 22 GHz, although in 
the first case yielding a low fractional variability, of 9%. At 22 
GHz the flux density variation is large, with cr,,g,.=21 and frac- 
tional variability 60%. The variations could be due to resolu- 
tion effects, since both correspond to an increase in flux dens- 
ity from the VLA A configuration data (HPBW=0.08 arcsec) 
from MM08, to the lower resolution VLA C configuration data 
(HPBW=0.9 arcsec) from this work. The flux densities var- 
ied from 160.8+1.25 mJy to 176.6+2.2 at 8.4 GHz, and from 
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Figure 2: Maps of the resolved QSOs. The synthesised beam size is shown in the lower left corner of the map. Levels are multiples 
of the 3-cr flux density value in mJy/beam, according to the legend. A cross indicates the SDSS optical position. 
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Figure 2: Continued. 



105.5±1.15 mJy to 169.2+2.8 mJy at 22 GHz, in a time interval 
of 4.5 years. 

For 1603+30 we could compare 2.6 and 4.8-GHz Effelsberg 
data as well as 8.4 and 22-GHz VLA data. We found cr,,a,.=4.9 
and fractional variability 49% for the 4.8-GHz Effelsberg data, 
over an interval of 4.5 years, indicating significant intrinsic vari- 
ability. For the 8.4-GHz VLA data there is flux density variation 
from 22.1 ± 0.35 mJy at VLA(A) to 26.9 + 0.6 mJy for VLA(C), 
in 3.4 years. The variation is significant, cr^.a,- = 6.9 and frac- 
tional variability 22%, although we cannot reject the possibility 
that resolution effects play a role. However, the variability at this 
frequency is confirmed by MM08, where the source is listed as 
a variable candidate (significance 4.2 and fractional variability 
22%) from the comparison between the flux densities from their 
data and those from Becker et al. (2000), both from VLA in A 
configuration. 

For 1624+30, although the comparison of flux densities 
was possible at four frequencies (4.8 GHz from Effelsberg and 
8.4, 10.5 and 22 GHz from the VLA), none of them yielded 
o'var > 4. Therefore, from the comparison with the flux dens- 
ities in MM08, only 1603+30 is a candidate variable. 

In total four sources, one BAL QSO and three non-BAL 
QSOs, are classified as intrinsic variables (not due to resolution 
eff^ects) at levels above 20% (0029-09, 1005+48, 1521+43 and 
1603+30). The additional data from MM08 weaken the ti-end of 
BAL QSOs being less variable than non-BAL QSOs. 

Barvainis et al. (2005) studied the flux density variability 
at 8.4 GHz over 10 epochs (measurement interevals for each 
source ranging from two weeks to 1 .6 years) of a core-dominated 
sample of 50 QSOs with Sua ghz ^ 0.3 mJy, including radio- 
quiet, radio-loud and radio-intermediate QSOs. 38 of the QSOs 
in their sample (76%) have a flat radio spectrum, with a^g > 
-0.5. The authors found five QSOs with fractional variability 
above 20%, four in the range 20^0% and one with fractional 
variability of 140%. The four QSOs with higher variability have 
flat spectra, whereas the remaining one is steep. The fraction of 
sources varying by at least 20% found by Barvainis et al. (2005) 
(5/50) is consistent with our results for the SDSS-FIRST QSOs 
(4/59), within the errors. In addition, we will show in Section 
4.4 that the variable sources in our work also tend to have a flat 
spectrum in the frequency range from 5 to 8 GHz, although our 
sample has a lower fraction of flat-spectrum sources (25/59 - 
42%, see Sect. 4.4 and Tabled compared to 76% in Barvainis 



et al. 2005 sample). This lower fraction of flat-spectrum sources 
could also explain the slightly lower fraction of variables in our 
work. 

Sadler et al. (2006) investigated the variability at 20 GHz 
over 1-2 years of a sample of radio sources selected to have 
520 GHz > 100 mJy and including 32 QSOs. The QSO sub- 
sample is dominated by flat-spectrum sources (69% with a^ > 
-0.5) and has two sources just above the 20% fractional vari- 
ability threshold (2/32). Although the number of sources in this 
sample is small, the proportion of variable sources is consistent 
with that found by Barvainis et al. (2005) and in this work. We 
note however that the two QSOs in Sadler et al. (2006) with vari- 
ability above 20% do not have flat spectra (their spectral indices 
being al = -0.59 and a^ = -0.53). 



4.3. Shape of the radio spectra 

With the collected multi-frequency data it is possible to study 
the shape of the synchrotron emission of the quasars in the two 
samples, allowing us to obtain the fraction of CSS-GPS sources. 
GPS sources are compact ( < 1 kpc) and have a convex radio spec- 
trum that peaks between 500 MHz and 10 GHz in the observer's 
frame, CSS are larger (between 1 and 20 kpc in size) and have 
convex spe ctra that tend to peak at lower frequencies, typically 
<500 GHz (IO'Dealll998h . The SEDs of the sources are shown in 
Figure 3 as log^y versus logv plots, using the flux densities lis- 
ted in Tables |5] |6] and |7] For resolved sources we used the total 
flux densities. 

The SEDs of the sources with observations at several fre- 
quencies were fitted, via x^ minimization, with a power-law 
model (L) and a parabola (P), on the log5 ,, versus logv plane. 
A fit was accepted as statistically significant if the parameter 
Q, indicating the probability that a value of ;^'- as poor as the 
value found should occur by chance, was above 0.01. The para- 
bolic model was chosen as a simple representation for the SEDs 
curved on the logSy vs. logv plane, following Kovalev (1996). 
For the cases where both models were statistically acceptable, 
the power-law was selected as the best fit. The fits are shown in 
Fig. 3 using a dashed line for the power-law model and a con- 
tinuous line for the quadratic model. 

For a total of 10 sources (BAL QSOs 0842+06, 0849+27, 
1014+05, 1229+09 and 1304+13, and non-BAL QSOs 
0033-00, 1401+52, 2109-07, 2248-09 and 2353-00) we found 
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Table 8: Sources with significant variability, crvar > 4, from the observations in this paper 'BAL' in the last column indicates that 
the QSO is from the BAL QSO sample. 



Name 




4.8 GHz 








8.4 GHz 






Elapsed time 






SEff 


S VLA 


CVar 


Var^ 


SEff 


S VLA 


CVar 


yart^ 






0029-09 




- 


- 


- 


39.6+1.0 


54.7+0.7 


MA 


0.38 


21 d 




0756+37 


209.6±2.6 


226.2+2.0 


5.1 


0.08 


- 


- 


- 


- 


1.6 yr 


BAL 


1005+48 


- 


- 


- 


- 


69.9+3.2 


83.6+1.1 


4.1 


0.20 


1.6 yr 




1103+11 


- 


- 


- 


- 


65.9+1.1 


75.0+0.8 


6.7 


0.14 


1.6 yr 


BAL 


1327+03 


67.7+1.9 


79.5+1.7 


4.6 


0.17 


- 


- 


- 


- 


1.6 yr 


BAL 


1404+07 


- 


- 


- 


- 


173.6+2.4 


189.6+2.2 


4.9 


0.09 


1.6 yr 


BAL 


1411+34 


120.2+1.9 


85.1+5.2 


6.3 


0.41 


105.1+1.9 


86.3+2.9 


5.4 


0.22 


1.6 yr, 1.6 yr 




1521+43 


256.8+2.8 


387.3+3.0 


31.8 


0.51 


346.9+4.4 


523.1+5.7 


24.5 


0.51 


1.6 yr, 1.6 yr 




1728+56 


56.4+1.3 


67.2+0.9 


6.8 


0.19 


- 


- 


- 


- 


1.6 yr 




2143+00 


- 


- 


- 


- 


53.6+1.3 


61.9+0.8 


5.4 


0.15 


21 d 




2331+01 


- 


- 


- 


- 


19.3+0.6 


23.0+0.5 


4.7 


0.19 


1.6 yr 





statistically significant fits as power laws, and these sources are 
labelled as Lq in Table |9] where the fitting results are presented. 
For six further sources we found a statistically significant fit for 
the parabolic model (BAL QSOs 1054+51, 1102+11, 1337-02 
and 1603+30, non-BAL QSOs 0154-00 and 1636+35). All 
these fits are convex, i.e. showing a flattening from high (10- 
20 GHz) to mid (1-5 GHz) frequencies. These sources are la- 
belled as Pq in TableH Although BAL QSO 1 159+06 also falls 
in this category, we adopted for the source the Unear model, since 
the peak of the parabola is far away from the observed frequen- 
cies, the linear and parabolic model being practically coincident 
over the observed range. We adopt the label L in Table|9]for this 
source. 

For the other 29 sources at least one of the models shows 
a good match from visual inspection, and we selected as the 
best model the one yielding the lowest mean squared error, la- 
belling the sources as L or P in Table |9] The linear model in- 
cludes six sources (BAL QSO 1327+03 and non-BAL QSOs 
0029-09, 0152+01, 0158-00, 1322+50 and 1512+35), and the 
paraboUc model 15 sources (BAL QSOs 0044+00, 0756+37, 
1 129+44, 1237+47, 1404+07 and 1624+37 and non-BAL QSOs 
0103-111, 0750+36, 1411-1-43, 1641+33, 2129+00, 2143+00, 
2244+00, 2331+01 and 2346+00), all of them with convex 
shape. Although the remaining eight sources have the lowest 
mean squared error for the quadratic model, we adopted the 
linear fit, also with a low mean squared error, because either 
the peak was far away from the SED, making the linear and 
quadratic model very similar, or the parabolic shape was con- 
cave, which is inconsistent with the expected shapes from syn- 
chrotron models. As for 1159+06, described in the previous 
paragraph, we used the italic label L for these sources (BAL 
QSOs 1103+11 and 1335+02, and non-BAL QSOs 0124+00, 
0125-00, 1502+55, 1521+43, 1528+53 and 1728+56). For the 
sources modelled with a parabola, with its peak within the fitted 
range, the frequency peaks are listed in Table 9. 

Another three sources were not fitted, since they showed ab- 
rupt changes in their SEDs (BAL QSOs 0816+48 and 0905+02, 
and non-BAL QSO 1333+47). 

Another eight sources (BAL QSOs 0929+37, 1159+01, 
1406+34, and non-BAL QSOs 0014+01, 1005+48, 1411+34, 
1554+30, 1634+32) have SEDs that suggest the presence of a 
separate component at low frequency. In fact 1411 +34 was also 
morphologically resolved as a core double-lobe with the two 
lobes steeper, i.e. stronger at low frequencies, than the core (see 
Sect. 4.1). For these sources we considered fits removing one or 
various of the lowest-frequency data points, with hints of excess 
emission. The low-frequency points rejected for the fits are in- 



dicated in Table |9l Regarding the high-frequency components, 
six of the sources belong to class P and another one to class 
Pq, all with convex shape. The SED of 1 159+01 shows hints of 
excess emission from 325 MHz to 1 .4 GHz, leaving only three 
high-frequency data points. Since the power law fit gives a low 
mean squared error we adopted this model for the source. For 
the cases where the high-frequency component was modelled as 
a parabola with its peak within the fitted range, the frequency 
peaks are listed in Table |9] using italic digits. However, these 
sources cannot be considered as CSS-GPS candidates, because 
of the presence of the secondary low-frequency emission. 

The remaining sources in the sample are 1040+05 (BAL 
QSO) and 2238+00. For 1040+05 only three data points are 
available, with an obvious flattening at low frequencies, and we 
selected as best model the parabola passing through these points. 
2238+00 has a good quality measurement only at one frequency. 



In total we found nine BAL QSOs and 16 non-BAL QSOs 
whose complete SEDs are consistent with power laws. For 1 1 
BAL QSOs and 1 1 non-BAL QSOs the fits indicate a curved 
shape along the whole SED due to a flattening of the spectra at 
low frequencies. For 15 of these (eight BAL QSOs and seven 
non-BAL QSOs) the frequency peak of the model parabola falls 
within the fitted range, with values ranging from 500 MHz to 7 
GHz in the observer frame, indicating that they represent candid- 
ate GPS sources. Three sources that were not fitted due to abrupt 
changes in their SEDs have a maximum within the observed fre- 
quency range with frequency peaks above 1 GHz. In addition, 
although BAL QSO 1129+44 is fitted with a parabola with its 
peak below the observed frequency range, the flux-density distri- 
bution shows a peak at 2.6 GHz. Among these 19 sources whose 
SED is GHz -peaked, two are resolved, BAL QSOs 0816+48 
and 1603+30, with sizes of 217 kpc and 17 kpc respectively 

i see Section 4 .1), exceeding the limit of 1 kpc for GPS sources 
0'Dealfl998h . Excluding these two sources the total number of 
candidate GPS sources would be 9 BAL QSOs and 8 non-BAL 
QSOs, with corresponding fractions with respect to the total 
samples of 36+ 12% (9/25) and 23 + 8% (8/34), adopting Poisson 
errors. In Section 4.1 we obtained for the unresolved sources a 
conservative upper limit of 20 kpc for their sizes at 8.4 GHz, 
therefore higher-resolution observations are needed to confirm 
the GPS classification. In particular, this classification is con- 
firmed for 1624+37, with a size of 60 pc at 5 GHz and 75 pc at 
8 GHz (Montenegro-Montes et al. 2008b, 2012 in preparation). 
The fractions of GPS candidates in the BAL QSO and non-BAL 
QSO samples are similar, within the errors. Considering the in- 
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Figure 3: Radio spectra of the 25 BAL and 34 non-BAL QSOs (GHz on x-axis, mJy on y-axis). Error bars are shown if larger than 
the symbol size. Crosses represent flux densities from the literature, rhombi are flux densities from our observational c ampaign and 
arrows are upper limits from the literature. Solid lines are fits to a parabola and dashed lines are fits to a power-law. For resolved 
sources flux densities are presented as follows: a square for C component (core) and triangle, asterisk and dot for components A, 
B and D respectively (see Tables|5]and|6]l. For 1728+56 the flux densities at 4.8 and 8.4 GHz shown as asterisks correspond to the 
B+C components. 

terpretation that GPS sources are young, our result suggests that sidered for that purpose, but also CSS objects, showing a steep 

BAL QSOs are not a younger population than non-BAL QSOs. spectrum in the GHz frequency range, with peak frequencies be- 

We adopted a conservative approach in the quantification low 500 MHz, can be inteipreted as young sources. Additional 

of young objects, since only candidate GPS sources were con- observations at low frequency could confirm the presence of 
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Figure 3: Continued. 
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Figure 3: Continued. 



peaks in the MHz frequency range for some of the so urces in 
this w ork. In fact the maximum size for CSS is 20 kpc (lO'Deal 
Il998h and most of the sources in this work are unresolved with 
sizes below this limit. 

The fraction of QSOs with hints of an additional low- 
frequency component (up-tum at low frequency) is 12 + 7% 
for BAL QSOs (3/25) and 15 + 7% for non-BAL QSOs (5/34), 
the two values being similar within the errors. Since this low- 
frequency excess emission likely corresponds to old compon- 
ents, this result again favours similar ages for BAL and non-BAL 
QSOs. 



4.4. Spectral indices 

The distribution of radio spectral indices constrains the distri- 
bution of orientations for a given population of radio sources 
(Orr & Browne 1982), since flatter spectral indices imply lines 
of sight closer to the radio axis. Spectral indices of the QSOs 



were computed in the observed frequency intervals 4.8-8.4 GHz 
and 8.4-22 GHz, since these frequencies exceed the typical 
peak frequencies of the candidate GPS sources in the sample. 
We used the total flux densities for the resolved sources and 
VLA data, which were obtained during a one week run (see 
Table 3). Effelsberg flux densities were adopted for the few 
sources/frequencies lacking VLA data (BAL QSOs 0849+27 
and 1229+09 and non-BAL QSOs 0154-00 and 1636+35). The 
spectral indices and their errors are listed in Table 

Figure|4](top and middle panels) show a^~^ versus a^g for the 
two samples. The square symbols correspond to sources without 
available spectral index al\. They were plotted using the mean 
ag~4 of each sample. Upper limits are plotted as triangles. The 
dotted line traces pure power-laws: the location of most of the 
sources below this line is due to the steepening at high frequen- 
cies. The spectral indices of the BAL QSOs show a large scatter 
in the plot. Although most BAL QSOs are found in the same 
region as non-BAL QSOs, there is an apparent excess of steep 
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Table 9: Radio spectral shape and spectral indices of the QSO sample 



Name 


Fit type 


Vpeak 

(GHz) 


rest 
peak 

(GHz) 


Vrej 

(GHz) 


"4.8 


T> 


logl0(L4.8 GHz) 

(WHz') 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


0044+00 


P 








-0.53+0.10 


-1.01+0.29 


26.89 


BAL 


0756+37 


P 


2.5 


8.7 


- 


-0.84±0.03 


-0.95±0.05 


27.97 


BAL 


0816+48 
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- 


- 


- 


-0.86±0.05 


< -1.26 


27.47 


BAL 


0842+06 


Lq 
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-0.62±0.05 


-1.13±0.21 


26.94 


BAL 


0849+27 


Lq 
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-0.73±0.12 
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26.69 


BAL 
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-0.93±0.13 


-1.20±0.23 


27.01 
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0929+37 
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-0.44±0.08 


26.53 
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-0.70±0.18 
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8.8 
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-3.55±0.15 
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Pq 


0.6 


2.0 
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<0.29 
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Pq 
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- 


- 
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<-1.59 
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- 
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P 
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27.50 
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L 
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27.04 
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0.11 ±0.02 


27.36 




1528+53 


L 


- 


- 


- 


-0.89±0.10 


-1.07±0.10 


27.61 




1554+30 


P 


2.4 


8.8 


0.325 


-0.36±0.16 


-1.12±0.30 


26.98 




1634+32 


P 


4.3 


14.4 


0.325 


-0.34+0.03 


-1.47±0.10 


27.53 




1636+35 


Pq 


1.4 


4.1 


- 


-0.49±0.11 


-0.70±0.09 


27.05 




1641+33 


p 


0.6 


2.2 


- 


-0.38±0.03 


-0.93±0.13 


27.35 




1728+56 


L 


- 


- 


- 


-1.14±0.07 


-0.86±0.11 


27.22 




2109-07 


Lq 


- 


- 


- 


-0.56+0.06 


- 


26.68 




2129+00 


P 


2.3 


9.1 


- 


-0.32+0.04 


-1.00±0.16 


26.99 




2143+00 


P 


6.6 


20.1 


- 


0.35±0.03 


-0.46±0.05 


26.53 




2244+00 


P 


3.1 


12.2 


- 


-0.21±0.06 


-0.93±0.17 


26.79 




2248-09 


Lq 


- 


- 


- 


-0.88±0.12 


- 


26.58 




2331+01 


P 


- 


- 


- 


-0.21±0.05 


-0.78±0.14 


26.73 




2346+00 


P 


4.9 


13.7 


- 


0.01±0.04 


-0.31±0.05 


26.58 




2353-00 


Lq 


- 


- 


- 


-0.67±0.06 


-0.87±0.23 


26.68 





Notes: Column 2: Best-fitting function is specified (L for linear, P for parabolic, see Sect. 4.3); cols. 3 and 4: Peak frequencies (observer and 
rest-frame); col. 5: Frequencies of the rejected flux densities for the fits (if any); cols 6-7: Observer-frame spectral indices; col. 8: Radio 
luminosity; col. 9: Indication whether the source is a BAL QSO. 
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Figure 4: al\ versus a^-^ for the BAL QSOs, the non-BAL QSOs 
and MM08 sample. The dashed line traces the locus of power- 
law spectra. Square symbols indicate sources lacking a 22-GHz 
flux density. For these, we adopted the a^-^ mean value of the 
sample. Upper limits for a^ ^ are plot as triangles. Circles indic- 
ate objects in common withi MM08 (symbol size increases with 
the RA of the source). 
16 



sources in the BAL QSO sample, with six sources showing spec- 
tral indices below -1.5 at either of the two frequency ranges. In 
addition, there appears to be an excess of non-BAL QSO sources 
with ff^ g > 0. However, when the distributions of spectral in- 
dices for the BAL and non-BAL QSO samples are compared us- 
ing the Kolmogorov-Smirnov(K-S) test, they are found to differ 
only at a significance level of 74% for cf^g and 0.3% for a^\. 
Considering the test that the distribution of spectral indices is 
steeper for BAL QSOs than for non-BAL QSOs, the signific- 
ance levels increase to 87% for a^g and to 28% for a^^^. It is 
also useful to test the hypothesis that BAL QSOs are flatter than 
non-BAL QSOs. This hypothesis can be rejected at a 100% con- 
fidence level for c^ g and at 77% confidence level for a^^^. 

Although we do not find statistical evidence of steeper spec- 
tra for BAL QSOs, we can firmly reject that BAL QSOs have 
on average flatter radio spectra than non-BAL QSOs, in the fre- 
quency range 4.8-8.4 GHz. 

Figure 4 (bottom panel) shows the same spectral index dia- 
gram for the BAL QSOs in MM08. BAL QSOs 1159+01, 
1603+30 and 1624+37, which are common to both samples, 
were plotted with a different symbol (circles with their size in- 
creasing with the right ascension of the sources). From the com- 
bined sample of BAL QSOs from this work and MM08 (using 
our data for the sources in common), we find that the hypo- 
thesis that BAL QSOs have steeper a^^ than non-BAL QSOs 
has a higher confidence level, of 91%, although still below the 
threshold of 95% generally adopted for the rejection of the null 
hypothesis. It is important to note that in this test we are using 
the comparison sample selected for this work, with 5 1.4 > 30 
mJy, brighter than the 15-mJy limit of MM08 . Regarding Cg 4, 
the combined sample of BAL QSOs has steeper spectra than the 
non-BAL QSO sample only at a 55% confidence level. The hy- 
pothesis that the BAL QSOs in the combined sample have flatter 
spectra than non-BAL QSOs can be rejected at a 97% confidence 
level for a^g and at 98% confidence level for a^^. 

Although the evidence of steeper spectra for BAL QSOs is 
at best marginal, with 91% significance for the test between the 
combined BAL sample and the comparison sample at the fre- 
quency range 4.8-8.4 GHz, we can reject with a high confidence, 
above 97%, that BAL QSOs have on average flatter radio spec- 
tra than non-BAL QSOs, both in the frequency ranges 4.8-8.4 
GHz and 8.4-22 GHz. We interpret this result as statistical evid- 
ence that the BAL QSOs in our sample, or in combination with 
MM08 sample, do not tend to have position angles closer to the 
radio axis than non-BAL QSOs, i.e. the orientation models for 
BAL QSOs in which they predominantly arise from polar winds 
(for instance Punsly 1999a, 1999b), are in contradiction with our 
results. At a lower level of significance, the slightly steeper spec- 
tra of BALs compared to non-BAL in the range 4.8-8.4 GHz are 
consistent with the equatorial wind model of Elvis (2000). 

Figure 5 shows histograms of the distributions of o-^g and 
ag\ for the BAL and non-BAL QSO samples, and statistics are 
presented in Table 10. The spectral indices in the two frequency 
ranges show a mixture of flat {a > -0.5) and steep (a < -0.5) 
spectra for the BAL and non-BAL QSO samples (see also Table 
|3- The values found for BAL QSOs suggest that these QSOs 
are seen from a wide range of orientations with respect to the jet 
axis (both flat and steep sources are present). The same conclu- 
sion that BAL QSOs are not oriented along a particular line of 
sight was obtained by Becker et al. (2000) and MM08, also on 
the basis of the radio spectral indices of BAL QSOs. The com- 
parison in our work with a control sample similar in redshift, and 
radio and optical properties, except for the absence of broad ab- 
sorption features, reveals a weak tendency for BAL QSOs to be 
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Figure 5: Distribution of the radio spectral indices (o-^g and a^^^) for the BAL (black) and non-BAL (grey) QSO samples in this 
work. Upper limits are in white. 

Table 10: Spectral-index statistics for various QSO samples: the BAL and non-BAL QSO samples presented in this paper ('BAL', 
'non-BAL'), the BAL QSO sample presented in MM08, and the comparison QSO sample from Vigotti et al. 1997, 1999. 





N 


min 


max 


„8.4 
"4.8 

median 


mean 


std 


N 


min 


max 


median 


mean 


std 


BAL 


25 


-3.55 


0.34 


-0.62 


-0.71 


0.72 


20 


-2.20 


0.25 


-0.92 


-0.86 


0.64 


BAL-HMM08 


37 


-3.55 


0.76 


-0.62 


-0.66 


0.70 


32 


-2.20 


0.25 


-0.93 


-0.93 


0.54 


non-BAL 


33 


-1.14 


0.63 


-0.49 


-0.39 


0.43 


30 


-1.47 


0.34 


-0.87 


-0.74 


0.50 


B3-VLA QSOs' (<2.3") 


40 


-1.38 


0.54 


-0.65 


-0.57 


0.47 


- 


- 


- 


- 


- 


- 


B3-VLA QSOs' (all) 


123 


-2.23 


0.54 


-0.89 


-0.79 


0.45 


- 


- 


- 


- 


- 


- 



The spectral index for this sample is 5^"^ 



on average steeper than non-BAL QSOs, and allow us to firmly 
conclude (above 97% confidence) that BAL QSOs do not have 
flatter spectra than non-BAL QSOs. 

The two spectral-index distributions obtained for the FIRST- 
SDSS QSOs in our work, and for the BAL QSO sample by 
MM08, can be compared to those reported in the literature for 
other samples of radio QSOs. A useful comparison is with the 
B3-VLA QSO sample (Vigotti et al. 1997, Vigotti et al. 1999), 
selected at 408 MHz, and complete down to 5 = 100 mJy, with 
multi-frequency data available from which we can compute the 
spectral index in the range 4.8-10.6 GHz, close to the range 4.8- 
8.4 GHz used in the present work. The angular sizes at 1.4 GHz 



of the B3-VLA QSOs were measured from maps taken with the 
VLA in C and D configurations (Vigotti et al. 1989) and for 
the most compact sources from observations in A configuration 
(private communication). Since most of the QSOs in our sample 
are unresolved, as well as analysing the spectral-index distribu- 
tion for the B3-VLA QSO sample as a whole (largest angular 
size 131 arcsec), we also considered a subsample with angular 
sizes below 2.3 arcsec, which is a representative upper limit of 
the sizes of the unresolved sources in our work (from 8.46-GHz 
VLA data). 

Statistics for the spectral indices al'^f of the B3-VLA QSOs 
are included in Table [TOl considering the whole sample and the 
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sub-sample of more compact sources, with sizes below 2.3 arc- 
sec. A K-S test shows that the spectral-index distributions of 
the compact B3-VLA and BAL QSOs are similar at the 97% 
confidence level, both for the sample reported here and for the 
combined sample including MM08 BALs. The comparison with 
non-BALs shows that B3-VLA QSOs are steeper, at a 99.1% 
confidence level. There is no obvious physical reason for B3- 
VLA QSOs to be more similar to BAL QSOs than to non-BAL 
QSOs, the most plausible explanation being that the selection of 
B3-VLA QSOs at a low frequency, 408 MHz, favours the inclu- 
sion of sources with steeper spectra. The fact that the spectral in- 
dices of B3- VLA QSOs are more similar to those of BAL QSOs 
than to those of non-BAL QSOs is a consequence of the former 
being slightly steeper than the latter Furthermore, this result em- 
phasizes the importance of using an appropriate control sample. 

The QSO sample from our work includes three sources clas- 
sified as variable: the unresolved non-BALs 0029-09, 1005+48 
and 1521-H43 and the resolved BAL QSO 1603+30. 0029-09 
and 1521+43 are the flatter sources in the total QSO sample, 
both with al^ > 0.5. The resolved BAL QSO 1603+30 has a 
spectral index near the limit between flat and steep spectra, with 
a^g = -0.45. 1005+48 shows modest variability (just at the ad- 
opted thresholds of significance and fractional variability) and 
its spectral index is a^g = -0.67. This trend between variability 
and a flat radio spectra is consistent with the expectation that a 
flat spectrum source is more likely to present Doppler beaming, 
and therefore have any existing variability magnified due to this 
same effect. 

The rest-frame radio luminosities of the sources, L 4.8GHz are 
listed in the penultimate column of Table |9] They were calcu- 
lated using the total flux density at 4.86 GHz from the VLA or 
from Effelsberg if VLA data were not available from this work. 
The k-correction was obtained using the spectral index a] 
ted in the same table. The radio luminosities range from 10 
to lO^^*", above the limit L,.^d - lO^'' W Hz"' generally adopted 
for radio-loud QSOs (Miller et al. 1990). 



4.5. Polarisation 

For all sources we have obtained S q and 5 y in order to calcu- 
late the fractional polarisation m and the polarisation angle x- 
Most of the measurements were obtained from the VLA obser- 
vations. In only a few cases did the Effelsberg observations have 
high-enough signal-to-noise to detect polarisation fractions be- 
low 10%. Only 3-0" results were considered, except for the cases 
for which a detection above l-cr resulted in a consistent m with 
respect to the other frequencies, increasing the measurement re- 
liability. Values of the fractional polarisation are presented in 
Tables \n\ and [12] for BAL and non-BAL QSOs respectively. 
We have included the NVSS values (NRAO VLA Sky Survey, 
Condon et al. 1998) for the polarisation fraction at 1 .4 GHz when 
no measurements could be obtained from our data. The polarisa- 
tion measurements as well as the more significant upper limits 
were mostly obtained for frequencies in the range from 1 .4 to 
8.5 GHz. 

We have obtained the cumulative distribution function 
F{m) - Prob(M < m) for the fractional polarisation at 1.4, 4.8 
and 8.4 GHz for the two samples, using the Kaplan-Meier estim- 
ator, that allows inclusion of information from upper-limits. The 
method is described in detail in Feigelson & Nelson (1985). The 
results are shown in Fig. |6] The pair of numbers in parenthesis 
indicates the number of detections and the number of upper lim- 
its for each frequency. 



^■•^ lis- 

4.8 '^^ 

26.1 



The distributions for the non-BAL QSOs are very similar for 
the three frequencies, yielding a median value m in the range 1.8- 
2.5%. The 85% percentile corresponds to m < 5.8 - 6.3%. Table 
[T2l shows five sources exceeding m = 10% at some frequency. 
These sources are 0014+01, 0124+00, 0152+01, 1005+48 and 
the lobe component of 0125-00. In particular 1005+48 shows 
fractional polarisation above 10% at a wide range of frequencies, 
from 2.6 to 22 GHz. The distributions for the BAL QSOs have a 
higher uncertainty, due to the fewer data and the larger fraction 
of upper limits, especially at 4.8 and 8.4 GHz. From the 1.4 GHz 
data we find a median m - 1.8% and a limit m < 6.2% for the 
85% percentile. None of the measurements in Table [TTlis above 
m =10%. 

Regarding the three BAL QSOs in common with MM08, we 
note that for 1 603 +30 these authors obtained m- 1 % at 8 .4 GHz 
and upper limits for the remaining frequencies in their study. 
For this source we only obtained upper limits, and the one at 8 .4 
GHz is consistent with the measurement at MM08. For 1 159+01 
our measurements at 4.8 and 8.4 GHz agree with the results by 
MM08, although at 1.4 GHz we obtained m = 6%, less than half 
the value reported by MM08, of m - 15% (taken from NVSS). 
For the remaining source, 1624+37, our data only provide a high 
upper limit for m, but the source shows a high fractional polar- 
isation from the data reported in Benn et al. (2005, their Table 
2), with m = 6% at 4.8 GHz and m = 1 1% at 10 and 22 GHz. 

The fractional polarisations of BAL and non-BAL QSOs ap- 
pear to be similar, with median values around 1-3%, 85% of the 
sources having m < 6%, and around ten per cent of the sources 
showing fractional polarisation above 10% at some frequency 
(4/34 for the non-BAL QSOs and 2/25 for the BAL QSOs, con- 
sidering the information from the literature). 

An extensive survey of the fractional polarisation of QSOs 
is presented in Pollack et al. (2003), based on a sample with 
54.85 GHz ^ 350 mJy and radio spectral index a^^ > -0.5. The 
authors compute m at 4.85 GHz separately for the core and jet 
components, and find a higher polarisation for the jet compon- 
ents. In particular, the 85% percentile corresponds to m < 3% 
for the core components and to m < 14% for the jet components, 
and the proportion of sources exceeding a fractional polarisation 
of 10% is 1/91 for the cores and 17/43 for the jet components. 
The fractional polarisations we found for the BAL and non-BAL 
QSOs in our sample occupy an intermediate range between the 
results found by Pollack et al. (2003) for core and jet compon- 
ents. 

Sadler et al. (2006) obtained the polarisation fraction or up- 
per limits for 41 QSOs in their sample of radio sources selected 
at 20 GHz, with 5 20 ghz > 100 mJy. As mentioned in Section 
4.2, this QSO sub-sample is dominated by flat-spectrum sources 
(69% with al > -0.5, compared to 42% for the SDSS-FIRST 
QSOs in our sample). We obtained the cumulative distribution 
function of m for this sample, using the Kaplan-Meier estimator, 
and found m = 2.4% and m < 4.2% for the median and the 85% 
percentile respectively. None of the QSOs in the Sadler et al. 
(2006) sample exceed polarisation levels of 10%. The results of 
Sadler et al. (2006) show good agreement with those of Pollack 
et al. (2003) for the core components. 

4.6. Rotation measures 

With at least three measurements of the polarisation angle x ^t 
different frequencies it is possible to estimate the rotation meas- 
ure (RM) of a source, via a linear fit of the polarisation angle 
versus the square of the observed wavelength A(x = XQ + RMi^, 
Xo being the intrinsic polarisation angle). The rotation measure. 
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Table 11: Fractional polarisation m (in percentage), at several frequencies (v in GHz), for the BAL QSO sample. When no polar- 
isation measurement was possible at 1.4 GHz, the NVSS value was used (indicated with an asterisk). Last two columns show the 
rotation measure (observed and corrected values). 



Name 



nil. 4 



'M2.6 ^4.85 



^4.8 



'ns3 



'"8 46 '"10.5 



m22 



11143 



Observed RM Rest-frame RM 



(rad m ^) 



(rad m ^) 



0044-hOO 
0756-H37 
0816-^48 
0842+06 
0849+27 
0905+02 
0929+37 
1014+05 
1040+05 
1054+51 
1102+11 
1103+11 
1129+44 
1159+01 
1159+06 
1229+09 
1237+47 
1304+13 
1327+03 
1335+02 
1337-02 
1404+07 
1406+34 
1603+30 
1624+37 



1.2±0.9* 

2.4+0.7 

5.7±1.2 

<20.5 

<2.1* 
7.7±3.8 
6.1±0.9 

<4.7 

<3.2* 
4.2+1.1 
1.9±0.9 

<1.2 

<7.5 
6.5+0.7 
1.3±0.5 
3.1±1.4 

<3.7 

<5.5 

<2.1 

<2.5 
7.8±2.4 

<1.6 
2.9±0.9 

<2.4* 



1.8±0.5 



<83.2 



<4.3 



<3.8 

1.1±0.2 

<4.3 

<3.8 

<4.7 

<3.9 

2.9+1.1 

4.4+0.9 

<3.7 
<1.5 
<4.1 

1.9±0.3 
2.1+0.7 

<3.8 
<5.9 

<3.7 

<5.3 
1.0±0.2 
<14.6 



1.5+04 



1.7+0.2 



<4.7 


<74.3 


1.4+0.3 - 


<10.1 


<7.0 


- 


<6.2 


- 


4.2±1.8 - 


<61.7 


<4.1 


<25.5 


<4.9 


<49.5 


<24.6 


- 


<11.8 


- 


<6.2 


<377.8 


<1.8 


<13.1 


<4.7 


- 


0.7±0.2 - 


<4.9 


3.6±1.3 - 


- 



5.9+2.6 



60.4+2.1 643+26 



-79.2±1.8 
151.1±2.1 



-822±16 
1436±21 



- 


<77.7 - 


- 


- 


<2.3 


- 


- 


- 


<1.9 


<4.2 


- 


- 


<8.0 


- 


- 


- 


0.6±0.2 - 


<3.9 


- 


- 


3.5±0.2 - 


2.3±1.1 - 


284.0±4.5 


3520±57 


<4.1 


<524 - 


- 


- 


<17.9 


- 


- 


-18350±570' 



RM value taken from Benn et al. (2005). 



1.4 GHz (12,12) ■ 
4.8 GHz ( 6,13) 
8.4 GHz ( 7,15) ■ 




component along the line of sight, to the electron density, and to 
the path length. 
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Figure 6: Cumulative distribution of the fractional polarisation 
for the two samples, at each of three frequencies. Each pair of 
numbers in parenthesis indicates the number of detections and 
the number of upper limits at that frequency. The dashed lines 
show the 50% percentile (i.e. the median) and the 85% percent- 
ile. 
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which is the slope of the fit, is proportional to the magnetic field 



Plots of the linear fits for the four BAL QSOs and ten non- 
BAL QSOs with at least three measurements are shown in Figure 
7. The observed RM values are listed in Tables [TTI and [T2l along 
with the RM values corrected from the Galaxy contribution and 
converted to the rest-frame, multiplying by the factor (1 + z)^. 
Since the sources are located well above the Galactic Plane {b > 
28°) the applied Galactic correction was small, in the range from 
-9 to 17 rad w.-^ (Taylor et al. 2009). 

There is good agreement between the observed rotation 
measure for 1159+01 in this work, of 79.2±1.8 and the res- 
ult from MM08, of 72.1 + 1.4. The RM Usted in Table [lU for 
1624+37 was taken from Benn et al. (2005). With a rest-frame 
RM of 18350 + 570 rad m"^, this was and still is the second- 
highest RM known, after that of quasar OQ172 (Kato et al. 1987; 
O'Dea 1998), with RM = 22400 rad m". 

For the non-BAL QSO sample we have data available for ten 
sources, allowing some statistical analyis. We found rest-frame 
|RM| values in the range from 8.7 to 3077 rad m"-, with a me- 
dian value of 883 rad m"^, and average and standard deviation of 
1 180 rad m - and 1 1 17 rad m -. Three of the BAL QSOs have 
rest-frame |RM| values within the range found for the non-BAL 
QSOs. One of the remaining BAL QSOs with available rotation 
measure is 1406+34, with RM = 3520 + 57 rad m"^, which is 
only 2cr from the average value for the non-BAL QSOs. The 
other source is 1624+37, with the extremely high value RM = 
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Table 12; Polarisation measurements for the sample of non-BAL QSOs (see the caption of Table [TTIfor details). 



Name 


m,.4 


'M2.6 


m.s5 


"24.86 


ms3 


'"8.46 


mio.s 


"'22 


"'43 


Observed RM 
[rad m"^] 


Rest-frame RM 
[rad m"-] 


0014+01 


7.8±2.4 


- 


- 


9.5±3.1 


- 


11.8±3.7 


- 


- 


- 


-7.8±0.6 


8.7±6.1 


0029-09 


<6.9 


- 


- 


<3.5 


- 


1.6±0.7 


- 


<8.4 


<14.4 


- 


- 


0033-00 


3.8+0.9 


- 


- 


<6.8 


- 


<9.1 


- 


- 


- 


- 


- 


0103-11 


<2.3 


- 


- 


<2.9 


- 


<2.7 


- 


- 


<47.6 


- 


- 


0124+00 


<1.2 


11.1±2.1 


5.7 ±1.1 


5.5±0.6 


- 


4.5±1.1 


- 


<38.1 


- 


43.7±7.9 


257±64 


0125-00 


1.2±0.1* 


- 


4.5 ±0.9 


6.4±0.3 


- 


6.9±0.3 


5.6±1.0 


4.8±1.8 


<14.2 


108.2±4.2 


1041 ±45 


0125-OOA' 


- 


- 


- 


- 


- 


11.0±0.8 


- 


- 


- 


- 


- 


0125-OOC' 


- 


- 


- 


- 


- 


6.3±0.2 


- 


- 


- 


- 


- 


0152+01 


<3.8* 


- 


- 


24.6±5.8 


- 


<14.9 


- 


- 


- 


- 


- 


0154-00 


<1.1 


- 


- 


1.2±0.3 


- 


- 


- 


<16.6 


- 


- 


- 


0158-00 


3.5±0.4 


- 


- 


1.9±0.5 


- 


<2.4 


- 


<18.4 


- 


- 


- 


0750+36 


<11.9 


- 


- 


1.4±0.7 


- 


<2.6 


- 


<26.5 


- 


- 


- 


1005+48 


9.1±1.9 


11.9±0.8 


<95.1 


11.3±0.4 


11.4±0.9 


12.4±0.8 


12.1±3.0 


15.4±3.4 


<56.8 


5.1±0.7 


-26.9±8.0 


1322+50 


2.1±0.3 


- 


- 


<2.6 


- 


<3.5 


- 


<33.1 


- 


- 


- 


1333+47 


2.3±0.6 


- 


- 


<5.2 


- 


- 


- 


<59.6 


- 


- 


- 


1401+52 


7.0+1.5 


- 


- 


<3.5 


- 


4.8±1.6 


- 


<59.3 


- 


- 


- 


1411+34 


5.0+0.3* 


5.6±1.1 


- 


5.9±0.7 


- 


4.8±0.6 


- 


<3.0 


<1.0 


-238±16 


-1937±130 


1411+43 


2.2±0.6 


- 


- 


1.2±0.3 


- 


2.2±0.5 


- 


<8.0 


<29.8 


-174.4±7.4 


-3077±130 


1502+55 


4.0±0.9 


- 


- 


5.6±1.2 


- 


6.3±1.9 


- 


<69.6 


- 


96.6±0.6 


1668±11 


1512+35 


<2.2* 


- 


- 


1.8±0.9 


- 


2.4±0.9 


- 


<10.9 


- 


- 


- 


1521+43 


1.6±0.3 


- 


- 


0.7±0.2 


- 


2.6±0.1 


- 


1.2±0.5 


- 


-72.1±5.3 


-725±53 


1528+53 


<2.4 


- 


- 


- 


- 


4.5±1.1 


- 


<27.4 


- 


- 


- 


1554+30 


1.9±1.1* 


- 


- 


- 


- 


<17.8 


- 


<87.6 


- 


- 


- 


1634+32 


<7.3 


- 


1.5±0.4 


1.7±0.2 


- 


2.8±0.3 


- 


<18.4 


<38.7 


281 ±40 


2950±450 


1636+35 


- 


- 


- 


2.8±0.5 


5.9±1.0 


- 


- 


<18.6 


- 


- 


- 


1641+33 


2.1±1.0 


- 


- 


2.1 ±0.5 


- 


3.1±0.7 


- 


<28.0 


- 


23.2±0.1 


107.1 ±1.4 


1728+56 


2.3±0.6 


- 


- 


3.2±0.6 


- 


<3.7 


- 


<50.8 


- 


- 


- 


2109-07 


3.6±1.4 


- 


- 


4.2±1.3 


- 


<7.2 


- 


- 


- 


- 


- 


2129+00 


<4.3 


- 


- 


<3.0 


- 


<5.4 


- 


- 


- 


- 


- 


2143+00 


- 


- 


- 


<2.3 


- 


<2.2 


- 


<15.7 


<20.2 


- 


- 


2238+00 


<7.6 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


2244+00 


<8.0 


- 


- 


<4.2 


- 


<6.2 


- 


<52.6 


- 


- 


- 


2248-09 


3.3±1.4* 


- 


- 


<7.7 


- 


<14.4 


- 


- 


- 


- 


- 


2331+01 


<3.7* 


- 


- 


<4.5 


- 


<5.5 


- 


<37.6 


- 


- 


- 


2346+00 


6.8±1.8 


- 


- 


<5.1 


- 


1.8±0.8 


- 


<12.4 


<39.7 


- 


- 


2353-00 


<3.3 


- 


- 


<4.3 


- 


<6.6 


- 


- 


- 


- 


- 



Measurements for a specific component (see Fig. 2). 



-18350 + 570. The small number of data for BAL QSOs does 
not allow to compare the rotation measures of the two samples. 
Zavala & Taylor (2004) reported rest-frame rotation meas- 
ures, |RM|, for the flat core components of 26 QSOs in the range 
from 200 to 10000 rad m"^, with a median value of 1862 rad 
m"^ and average 2515 rad m"^. The same authors found lower 
values for the rotation measures of the steep jet components of 
these QSOs, for which they obtained a median value of 458 rad 



BAL QSO comparison sample". The sources were observed 
at frequencies ranging from 1.4 to 43 GHz, using the 100-m 
Effelsberg telescope and at the VLA, and these have allowed us 
to compare several radio properties of the two samples, including 
morphology, flux-density variability, spectral shapes, spectral- 
index distributions, and polarisation properties: 



-2 



and average 600 rad m ^. The statistics for the non-BAL ^- '■ Linear sizes 



m 

QSOs in our sample places them in the intermediate range of ro- 
tation measures between those of the flat and steep components 
in Zavala & Taylor (2004) sample. 

5. Conclusions 

We constructed a sample of 59 radio-loud QSOs with S 1.4 > 30 
mJy, selected by cross-correlating the FIRST radio survey and 
the 4th edition of the SDSS Quasar Catalogue, at redshifts such 
that the wavelength range from Si iv 1400 A to Civ 1550 A is 
covered by the SDSS spectra. The sample comprises 25 sources 
having definite broad absorption in C iv with velocity width of 
at least 1000 km s ', referred to as the "BAL QSO sample", 
and 34 sources lacking such absorption, which form the "non- 



Only eight of the 59 sources are extended at the arcsec level, 
four of them being BAL QSOs and four of them non-BAL 
QSOs. The fractions of resolved sources are similar for BALs 
(16%) and non-BALs (12%), and the distributions of linear sizes 
are also similar, ranging 20 to 200-400 kpc. The morphologies 
are also similar, including elongated sources (1), core-lobe (4, 
possibly 5) and core double-lobe (2, possibly 3). 90-95% of the 
unresolved sources have an estimated size at 8.46 GHz below 
20 kpc, obtained from VLA observations at this frequency (2.3 
arcsec resolution), and adopting the average redshift z = 2.4 for 
the two samples. Two of the unresolved BAL QSOs, 1159+01 
and 1624+37, were resolved from VLBA observations at 
Montenegro-Montes et al. (2008b, 2012 in preparation), both 
showing a core-jet morphology with sizes of 0.85 kpc and 60 pc 
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Figure 7: Linear fits of the polarisation angles x versus the square of the observed wavelengths for 4 BAL QSOs and 10 non-BAL 
QSOs, yielding the rotation measures. The errors in the position angles are lower than the dot size. Triangles correspond to the 
polarisation percentages {m). 
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respectively. 



5.2. Flux-density variability 

The flux-density variability of the sources at 4.8 and 8.4 GHz 
was computed from observations at VLA and Effelsberg, at the 
same frequency, in two epochs separated typically by 1.6 years. 
In addition, for the 3 BAL QSOs in common with MM08, the 
flux densities from our work at various frequencies in the inter- 
val 2.6-22 GHz (VLA or Effelsberg) were compared to similar 
data (frequency and telescope) from MM08, with a time differ- 
ence of 3-4 years. Excluding variations that could be attributed 
to resolution effects (higher flux at the lower angular resolu- 
tion for any source, whether resolved or not), we found three 
likely variables from our data, afl non BALs (0029-09, 1005+48, 
1521-1-43). Using flux densities from the literature, we concluded 
that the BAL QSO in our sample 1603+30 was also a candidate 
variable. Our data suggest a lower rate of variable sources among 
BALs, compared to non-BALs. However, this needs to be con- 
firmed by a monitoring of the sample at various epochs using the 
same configuration for the radio observations. 

The proportion of variable sources exceeding a fractional 
variability of 20% in our total sample, 4/59, is consistent with 
the fraction for the core-dominated QSO sample of Barvainis 
et al. (2005), selected at 8 GHz and yielding a fraction of 5/50 
variables at this frequency. The proportion is also consistent 
with the fraction 2/32 from the QSO sample studied at 20 GHz 
by Sadler et al. (2006). 



5.3. Radio spectral shape 

We found 9 BAL QSOs and 8 non-BAL QSOs with GPS-like 
radio spectra, having peak frequencies in the range from 0.5 to 7 
GHz in the observer frame. Their linear sizes (or limits thereon, 
typically 20 kpc at 8 GHz) are consistent with a maximum al- 
lowed size of 1 kpc, for classification as a GPS source. Higher- 
resolution observations are needed to confirm or reject the GPS 
classification of these sources. In particular, this classification is 
confirmed for 1624+37, with a size of 60 pc at 5 GHz and 75 
pc at 8 GHz (Montenegro-Montes et al. 2008b, 2012 in prepara- 
tion). 

The fractions of candidate GPS sources are 36 + 12% (9/25) 
for BAL QSOs and 23 ± 8% (8/34) for non-BAL QSOs, i.e. no 
significant difference. Given the widespread interpretation that 
GPS are young sources, our result suggests that BAL QSOs are 
not a younger population than non-BAL QSOs. 

Low-frequency upturns in some of the radio spectra indicate 
additional low frequency components, in about 12 + 7% of 
the BAL QSOs (3/25) and 15 ± 7% of the non-BAL QSOs 
(5/34). The two values are similar within the errors, and since 
the low frequency excess emission likely con^esponds to old 
components, this result again favours similar distributions of 
ages for BAL and non-BAL QSOs. 



5.4. Radio spectral indices 

We found a mix of flat (a > -0.5) and steep (a < -0.5) spectra 
for both the BAL and the non-BAL QSO samples, suggesting 
that both classes are seen from a wide range of orientations 
with respect to the jet axis. A similar conclusion was reached 



by Becker et al. (2000) and MM08, on the basis of the radio 
spectral-index distribution of BAL QSOs. Kolmogorov-Smirnov 
tests comparing the spectral index distribution a^^ of the two 
samples provide weak evidence (at the 91% confidence level) 
that the spectra in the combined BAL QSO sample from our 
work and MM08 are steeper than those in the non-BAL QSO 
sample, and significant evidence (> 97% confidence) that both 
our BAL sample and the combined BAL QSO sample are not 
flatter than the non-BAL QSO sample. The latter result indicates 
that radio-loud BAL QSOs do not tend to have position angles 
closer to the radio axis than non-BAL radio-loud QSOs, i.e. 
a model in which the BAL absorption arises predominantly 
from polar winds (for instance Punsly 1999a, 1999b), is not 
consistent with our results. 



5.5. Radio polarisation properties 

The fractional polarisations m of the BAL and non-BAL QSOs 
are similar, median 1-3%, with ~ 85% of the sources having 
m < 6%, and ~ 10% having m > 10% at some frequency. These 
values are intermediate between the values found by Pollack et 
al. (2003) for the core and jet components of the QSOs in their 
sample, with higher values for the latter 

The Rotation Measure has been determined for 5 BAL QSOs 
and 10 non-BAL QSOs. The Rotation Measures for the non- 
BALs range 9 to 3100 rad m"^, with mean and standard devi- 
ation 1 180 ± 11 20 rad m"^, intermediate between flat- and steep- 
spectrum (higher RM) components in the sample of QSOs of 
Zavala & Taylor (2004). The limited statistics provide no evid- 
ence for a significant difference between the RM of BAL and 
non-BAL QSOs. The only BAL QSO exceeding by more than 
2cr the mean value found for non-BAL QSOs is 1624+37, with 
an unusuaUy high RM = 18350 ± 570 rad m"^. 

5.6. Summary 

We have compared the distributions of linear size, flux-density 
variation, spectral shape, spectral index and polarisation proper- 
ties for samples of BAL and non-BAL radio QSOs. 

We find these distributions to be statistically indistinguish- 
able, except for weak evidence that the spectra of BAL QSOs 
are steeper than those of non-BALs. The latter difference mildly 
favours edge-on orientations for BAL QSOs, but the spectral in- 
dices are still consistent with a broad range of orientations. 

At a high level of significance, we can exclude the possibility 
that the spectra of BAL QSOs are flatter than those of non-BAL 
QSOs, ruling out a preferred polar orientation for the former 

The similarity of the fractions of GHz -peaked sources in the 
two samples suggests that BAL QSOs are not generally younger 
than non-BAL QSOs. 
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